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RÉSUMÉ
La modélisation mathématique des systèmes électrochimiques, et en général la modélisa-
tion des systèmes fluidiques réactifs en présence de champs électriques, est un problème
d’une complexité telle que des solutions analytiques n’existent que dans des cas très simpli-
fiés et la solution numérique est, malgré toute la puissance de calcul moderne, encore très
difficile. À ce jour, les avancées dans la modélisation au niveau des modèles d’écoulement
sont majeures, mais la modélisation couplée de l’écoulement, avec le champ électrique en
présence de solutions concentrées demeure encore un défi de taille. Le couplage des diffé-
rents champs décrits par les modèles mathématiques devient critique dans les régions où
ont lieu les réactions hétérogènes aux interfaces chargées modélisées par l’équation non
linéaire de Butler-Volmer.
Les logiciels commerciaux modernes commencent à permettre de coupler les modules
d’électrochimie avec la mécanique des fluides numérique (CFD), mais l’ impossibilité d’ac-
céder au code source ne permet pas au chercheur de modifier à volonté la formulation
des modèles. Par conséquent, le projet de recherche actuel vise le développement d’une
plate-forme logicielle ouverte (open-source) comme OpenFOAM, qui peut garantir une
complète accessibilité au code-source, la liberté des utilisateurs à faire des modifications,
la transparence des détails des modèles, et tous les autres développements qui sont requis
pour chaque problème rencontré par les chercheurs.
Le développement de modèles reposant sur des lois physiques établies permettra la modéli-
sation des systèmes électrochimiques complexes, et la compréhension des phénomènes qui
s’y déroulent. Il vise la modélisation du transfert de masse d’une cellule où l’écoulement
de la solution concentrée (molten salt) est turbulent, biphasique et incompressible, et les
réactions électrochimiques de surface sont calculées en utilisant une distribution tertiaire
de densité de courant. Le principal enjeu sur le plan scientifique, dans le cadre de ce projet,
demeure donc de développer un modèle qui soit bien calé sur le problème technologique
visé afin qu’il puisse reproduire de façon réaliste les systèmes électrochimiques. Il vise éga-
lement à amener la modélisation à un point où l’outil pourra être utilisé comme instrument
de prédiction et de validation de nouveaux concepts des systèmes électrochimiques.
Mots-clés : Réacteur électrochimique, Couplage, Butler-Volmer, Distribution de courant




The modeling of electrochemical systems, and in general the modeling of reacting flows ex-
posed to electric field, is a complex problem to the point that analytic solutions exist only
for simplified cases despite the increasing computer power. The state of art shows major
improvements in the fluid-dynamics of electrochemical reactors; but the full coupling of
the flow with the electric field in presence of concentrated electrolytic solutions still needs
to be properly investigated. The coupling gets even more critical along the charged in-
terfaces where heterogeneous reactions are modeled through the non-linear Butler-Volmer
equation.
Commercial software are slowly try to connect electrochemical modules to the well val-
idated CFDs, but most of the time costly licenses, and poor accessibility to the source
code, do not allow a deep integration between the two. Instead, this research study pro-
poses an open-source code implemented in OpenFOAM, that guarantees full accessibility
to the source code, user’s modifications, full transparency of the model’s details, and any
possible further developments required by the specificity of the problem.
The final code implements the mass transfer of a cell where the concentrated solution
(molten salt) is a two-phase turbulent incompressible flow and the electrochemical surface
reactions consider tertiary current distributions. The aim of this work is to create an open
source platform to predict and analyze industrial reactor’s performances. The advanced
modeling can be later exploited and used as a validation instrument for new electrochemical
concepts.
Keywords: Electrochemical reactor, Coupling, Butler-Volmer, Tertiary current distribu-
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CHAPTER 1
INTRODUCTION
In the electrochemical industry, controlling the various phenomena occurring simultane-
ously is a relevant issue. The analysis of their role on reactor’s design can lead to more
efficient apparatus inducing consistent amount of money savings. A must for all companies.
Mathematical modeling of the electrochemical systems, and more in general of reactive
flow systems in presence of electric field, represents a complex task that can be solved
only through simplified solutions despite the increasing power of modern computers. The
need of commercial software to face these extremely complex problems is unquestionable.
However, it cannot be ignored that such softwares are mostly restricted to well-defined
applications, so it is difficult, and sometimes impossible, to adapt them to research and
advanced targets. From this, arises the necessity to create a numerical model that does not
limit its use to specific cases, and that can be employed on a wider range of applications.
The design of electrochemical reactors requires predicting such quantities as the current
and the potential distributions, the energy efficiency for multiple electrode reactions, the
conversion pace of the reactant or the product, and the selectivity of a desired product. In
short, designers have to ensure that the reaction occurs with the highest efficiency towards
the desired output product, requiring the cheapest operative solution. Special care has to
be provided to obtain a uniform reaction rate along the active surfaces. In this way elec-
trodes are consumed homogeneously, and stagnant zones, as well as flow re-circulation are
avoided. Meanwhile, the model has to guarantee the correct interpretation of the physics.
If on one side approximations and simplifications are needed to solve the multidisciplinary
problem, on the other side a fair representation of the reality must be achieved. For this
reason the modeling of turbulence is integrated in this study, capturing the right flow
patterns to access the correct mass transfer distribution.
This research is placed within this frame. The project is ambitious, but the presence of
industrial expertise on one side and academics on the other, aspires to most exploit all the
available resources. The intent is to develop, validate and apply a mathematical model to
electrochemical technologies.
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The project is decomposed into intermediate objectives.
The first assembles the skeleton of the numerical model. The equations of continuity, and
momentum are solved alongside the conservation of charges and the transport of ions.
A moving mesh is also embedded to predict the geometry deformations due to material
deposition and metal corrosion. Thanks to this, it is possible to estimate the cell life
time. This first model is applied to a parallel plate electrochemical reactor (PPER), in
which chemical reactions are facilitated through electrical energy. A PPER is basically a
vessel where an anode and a cathode are assembled on parallel slabs. They are physically
separated by an electrolyte medium containing reactants and products. The electrolyte
is injected in the reactor with a certain known velocity, and it reacts as soon as it comes
in touch with the active plates. Inside the cell two half-sides are identified. Species from
one half-cell lose electrons (oxidation), while species from the other half-cell gain electrons
(reduction).
The second objective introduces the modeling of turbulence. For this purpose, the mod-
eling is applied to a different geometry, where turbulence plays a significant role. The
prototype FM01-LC is a filter-press cell on a laboratory-scale patented by the Imperial
Chemical Industries, ICI [20]. It is a scaled-down version of the FM21-SP cell which is
used in the chloralkali production [68], but also in fundamental studies of several electro-
chemical process, such as electro-synthesis [56], water treatment [41], and energy storage
processes [69]. Its low cost yet extremely versatile electrolyser is adopted in over 45 plants
worldwide with a chlorine production capacity in excess of 1 million tonnes per year. This
makes the FM01-LC the most representative test-case to investigate.
The third objective opens up the application range of the model to all those electrochemical
reactors where the presence of a second phase in the electrolyte affects significantly the
flow field. Indeed, heterogeneous reactions occurring at the electrodes, might release gas
products in the electrolyte, changing completely the dynamics of the cell. This part
of the project is driven by the increasing interest of industries in exploiting Lithium’s
characteristics, such as lightness and high reduction potential. To satisfy the market
needs, a standard cell for the production of lithium by electrolysis of LiCl is selected.
Single sized bubbles are injected at the anode with a certain distribution, and induce a
convective mechanism in the bulk of the cell otherwise acting as a batch reactor.
Therefore, the final OpenFOAM code models a two-phase turbulent flow, where mass
transfer in concentrated solutions (molten salt) is solved along with electrochemical surface
reactions considering a tertiary current density distribution.
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Modèle fortement couplé pour la prédiction des performances d’un réacteur électrochim-
ique
Contribution au document:
Cet article contribue à la thèse en développant un modèle mathématique capable de ré-
soudre le fort couplage entre la dynamique des fluides, le transport d’ions et la conservation
des charges électriques.
Résumé français:
Un modèle mathématique a été développé afin d’étudier et de prédire les performances de
réacteurs électrochimiques. Le modèle est résolu numériquement en utilisant la méthode
des volumes finis et en utilisant la librairie ouverte de mécanique des fluides numériques
OpenFOAM. Le code développé, nommé POTisoFOAM traite le complexe ensemble d’équations
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et de conditions aux limites qui représentent un système de déposition électrochimique de
cuivre. Le code développé utilise l’algorithme PISO pour le traitement de l’écoulement
incompressible transitoire. Une seconde séquence de prédicteur-correcteur combine les
équations de transfert de masse, de potentiel électrique et de densité de courant. Elle con-
sidère la convection, la migration et la diffusion en faisant l’hypothèse de solution diluée
et complète le système avec la conservation de la masse et l’électroneutralité. La solu-
tion de la conservation des charges électriques donne comme résultat le champ électrique
ce qui permet de trouver la distribution de densité de courant tertiaire. Aux électrodes,
la présence de la double couche électrochimique affecte le comportement de l’électrolyte
avoisinant. Cette interaction est modélisée avec les équations de Butler-Volmer et ses ap-
proximations souvent utilisées: linéaire et logarithmique. De plus, la mécanique des fluides
et la modélisation électrochimique sont couplées avec les changements de géométrie asso-
ciés à la déposition et à la consommation des électrodes par une méthode de modification
dymanique du maillage de volumes finis, ce qui intensifie le couplage entre les champs du
modèle. Les résultats sont présentés et analysés.
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2.2 Strongly coupled model for the prediction of the
performances of an electrochemical reactor
A mathematical model is developed to investigate and predict the performances of electro-
chemical reactors. It is implemented with a finite volume method, and solved by means
of the open source package OpenFOAM. The new solver, named POTisoFOAM, deals
with an intricate set of equations and boundary conditions which describe an electro-
chemical copper deposition system. The code uses the PISO algorithm for the transient
incompressible flow field. A second predictor-corrector sequence combines mole fraction,
electric potential and current density. It considers the convection, migration and diffu-
sion mechanisms under the assumption of a dilute solution, mass conservation, and local
electro-neutrality. The conservation of charges provides the electrical field which in turn
allows the reconstruction of the tertiary current density distribution. At the electrodes,
the presence of a charged double layer affects the behavior of the neighbor electrolyte.
The effect of this interaction is modeled through the Butler-Volmer equation or its two
commonly used simplifications: linear and logarithmic. Furthermore the fluid dynamic
and the electrochemical modeling are coupled with the geometric changes of the active
plates due to either material deposition or consumption of the electrodes. A dynamic
mesh method has been integrated, increasing yet the level of coupling between electrical,
chemical and fluid dynamic fields. Results are here presented and analyzed.
2.2.1 Introduction
Electrochemical reactors and in general electrochemical systems nowadays, have a leading
role in a wide range of applications: from batteries to fuel cells, from electroplating to wa-
ter treatments. The main physical characteristic of an electrochemical system, as viewed
through the eyes of engineers and scientists, is indeed the simultaneous treatment of many
complex and interacting phenomena [5, 42]. To overcome the issue, several simplifica-
tions are commonly used with the intent to decrease the level of coupling. They provide
satisfactory estimation of the solution, but cut down the generality of the problem and
restrict the solution’s domain to very specific cases. Alternatively, commercial software
use specific packages for electrochemical reactors, presenting “black-box” solutions that al-
low little insight into the mathematical and numerical difficulties of the model. Therefore,
it is of interest for research engineers the need to operate with a tool having a penetra-
ble architecture such as OpenFOAM (OF). This is a free, open source software package,
specialized in Computational Fluid Dynamics (CFD) with a large user base across most
6 CHAPTER 2. ELECTROPLATING OF COPPER IN A RECTANGULAR CELL
areas of engineering and science, offering complete freedom to customize and extend its
existing functionality. For this reason the present work aims to set up, implement and
develop a numerical model that can investigate and predict the productivity of general
electrochemical reactor system by means of OpenFOAM.
2.2.2 Geometry and mesh
A Parallel Plate Electrochemical Reactors (PPER), is a vessel which facilitates chemical
reactions through the introduction of electrical energy, where an anode and a cathode are
assembled on parallel slabs [70]. The electrodes are physically separated by an electrolyte
medium containing reactants and products. The electrolyte is injected in the reactor with
a certain known velocity, and it reacts with the active electrodes. Inside the cell two
half-sides are identified. Species are oxidized in one half-cell (anode), while in the other
half-cell (cathode) species are reduced.
In this work the parallel plate configuration is used as a test-case. The full cell is rep-
resented by a rectangular geometry. Table 2.1 provides its dimensions and the number
of grid elements for both the active plates (read anode and cathode), and the inactive
ones. It can be noticed that the flow is 2D (1 grid element in the y-direction), and it is
discretized with a total number of 22,750 elements for the entire reactor. Figure 2.1 shows
a simplified sketch of it.
Dimensions [cm] Number of elements
Plates inactive active inactive active
x-direction [L] 70 35 140 175
y-direction [W] 10 10 1 1
z-direction [H] 1 1 50 50










Figure 2.1 Sketch of the geometry.
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2.2.3 Mathematical and numerical formulation
This work simulates a copper depletion system. The electrolyte is modeled as a plug
flow, with a mixture of [0.002 M] CuSO4 + [0.1 M] H2SO4. Once the electrolysis starts,
the anode releases cupric ions while the cathode captures and transforms them into solid
copper. The same reaction (Eq. 2.1) occurs at both the electrodes, reducing cupric ions
at the cathodic side (left to right), and oxidizing them at the anode (right to left). No





Previous works [18, 19, 25, 73] have investigated a similar electrochemical process in a
rotating disk electrode configuration, implying a multi-ion deposition model and partial
dissociation of HSO−4 . In the present study the low dissociation of the acidic bath was
not included into the model as suggested in [15], since the diffusivity of HSO−4 and SO
2−
4
in dilute media is almost identical; therefore the electrolyte is only made of Cu2+, SO2−4 ,
and H+ species. For further details Table 2.2 presents the composition of the electrolytic
solution, and Table 2.3 provides the input parameters to start the simulation and tune
the electrode kinetics. The electrolyte is injected with the same composition for the entire
simulation time.
Species YCu2+ YSO2−4 YH+
Initial Ys 0.013 0.33 0.657
Diffusivity 10−9 [m2/s] 0.610 1.065 9.312




i0,anode 18.42 Am (kg-mol)−1
i0,cathode 133.88 Am (kg-mol)−1
αanode 0.5 -
αcathode 0.21 -
Table 2.3 Input paramenters [16].
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In this work, the authors have also implemented the changes in the geometry due to the
amount of deposited copper at the cathode and the consumption of the anode.
The equations are implemented with finite volume method in OpenFOAM. The solver
is named POTisoFOAM, it has a tree-structure where each branch is responsible for the
modeling of a field so that everything is interconnected through the central trunk, but still
independently accessible.
Pressure and velocity fields
The solver POTisoFOAM starts by solving the pressure p, and velocity U fields. It
considers the continuity Eq. 2.2 and the Navier-Stokes Eq. 2.3:
∇ · (U) = 0 (2.2)
∂U
∂t
+U · ∇U = −∇P
ρ
+ ν∇2U (2.3)
The two equations are solved together inside a PISO algorithm (Pressure Implicit with
Splitting of Operators [12, 21–23, 45]), which helps the handling of the non linearity in
Eq. 2.3. It basically splits the operators into an implicit predictor and multiple explicit
corrector steps. The predictor uses the pressure values from the previous time step to
discretize the equation of motion and estimate a first guess velocity which is non-divergence
free. At this point the coefficient matrix of the system is decomposed into two matrices:
the first containing just the diagonal terms, and the second all the off-diagonals. Next,
with Eq. 2.2 a predicted value of pressure is estimated, and it is used in an explicit
scheme to correct the velocity, which this time results to be divergence-free. The number
of pressure updates and velocity corrections can vary depending on the desired accuracy.
The advantage of using this algorithm lies on the splitting operators. Thanks to it in the
corrector loops the solution is provided by inverting a diagonal matrix instead of a full one.
Therefore storing and accessing matrices is faster, and the CPU time required decreases.
In short the PISO-loop:
• imposes an initial p
• predicts U (Eq. 2.3)
• evaluates p (Eq. 2.2)
• corrects U (Eq. 2.3)
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Mole transport














In Eq. 2.4 the mole fraction is defined as Ys = Cs/CTOT , and the subscript s identifies
the species. Each species has its own diffusion coefficient Ds, and its own charge number
zs indicating the sign and the number of charges carried by each species, z < 0 for anions
and z > 0 for cations. The Faraday’s constant is F , while R is the universal gas constant,
and T the flow average temperature. The equation presents a transient term on the left
hand side. On the right side within the squared brackets there is the flux of ions (see Eq.
2.8), which consists of three contributions. The first is the diffusion, which is driven by
the concentration gradients (∇Ys) and points towards small concentrations. The second is
the migration and it is led by the gradient of the electric potential (∇E) pushing positive
ions to the negative electrode and vice versa. Finally the third share is the convection
mechanism, and moves ions with the flow velocity (U). The last term outside the brackets
(Sr) represents the rate of homogeneous chemical reaction in the solution that produces
or consumes the species under investigation. It might be seen as a source or sink term
according to which side reaction occurs. In this work, as previously mentioned, no side
reactions are considered, hence this term is null. To ensure mole conservation, Eq. 2.5 is
added to the system. Further details on the strength of the coupling are given in the next
section. ∑
s
Ys = 1 (2.5)
Electrochemistry
Inside the electrolyte Eq. 2.6 makes sure that the total current density is maintained
divergence-free.
∇ · i = 0 (2.6)





andN s is the flux as expressed in Eq. 2.8, where the s-th ions are transported by diffusion,
migration, and convection.







10 CHAPTER 2. ELECTROPLATING OF COPPER IN A RECTANGULAR CELL
Now Eq.2.7 and Eq. 2.8 can be combined together transforming Eq. 2.6 into an equivalent
equation (Eq. 2.9) where the tertiary current density distribution seems to disappear in
favor of the electric potential E. This manipulation permits a straightforward coupling


















It can be noticed that in Eq. 2.9 there are only two contributions, the first coming from
the migration transport and the second from the diffusive mechanism. The missing term
is related to the convection. Its absence is caused by the electroneutrality Eq. 2.10, which
states that it cannot exist any significant unbalance of positive and negative ions in the
solution. ∑
s
zsYs = 0 (2.10)
Due to the strong coupling between the mole fractions and the electric potential, the
two cannot be split and solved independently. Therefore, the strategy of solution is to
use another predictor-corrector loop counting 4 unknowns (YCu2+ , YSO2−4 , YH+ , E), and 4
equations (Eqs. 2.4, 2.5, 2.10, 2.9). Eq. 2.4 models the distribution of cupric ions, using
the electric potential at the previous time step. Subsequently the other two mole fractions
of SO2−4 and H+ are estimated by means of Eq. 2.5 and Eq. 2.10. Finally, the electric
potential field is corrected and updated through Eq. 2.9, so that also the three species
can be re-calculated. The loop is repeated until the desired accuracy of the solution is
reached.
Boundary conditions
In an electrochemical cell, the interface between the bulk solution and the solid metal plate
presents a Double Layer (DL). It plays an important role linking simultaneously electric
potential, surface tension, composition of the bulk solution, and surface concentrations
of various species [42]. The complexity of this physical-chemical system, does not allow
an easy solution for the closure of the PDEs system. Nevertheless, a set of boundary
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conditions have to be defined (Eqs.2.11). Boundaries are named after Figure 2.1.
Inlet












∇ ·U = 0
p = patm
∇ · Ys = 0
∇ · E = 0
(2.11)
Assuming that the electrodes’ metal surfaces are impenetrable, the boundary conditions
on the velocity and pressure are the same for all the active and inactive walls. This is
not the case for the mole factions (Eq. 2.12). At the electrodes depending on the species
reactivity the conditions become:
Active walls






N s · n = 0 s = YSO2−4 , YH+
(2.12)
where stsq is the stoichiometric coefficient of the s-th species in the q-th reaction, and n is
the number of electrons exchanged in the specific reaction. This work only considers the
reaction in Eq. 2.1, so the subscription q can be omitted. The sign ± depends whether
the reaction is occurring at the anode or at the cathode. The modeling of the product
i · n = in, hides the exponential bounding of the current density with the the surface























Here i0,el is the exchange current density associated to the null potential, α is the symme-
try factor also known as the charge transfer coefficient, the subscripts ox and red stand
respectively for oxidant and reductant components, while the superscripts surf and b
indicate whether the mole fractions are respectively at the surface or in the bulk. The
surface electrode over-potential η is a function of the measured electrode potential Vel, the
calculated equilibrium potential E∞, and the solution potential close to the surface Esurf
as shown in Eq. 2.14, [14].
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η = Vel − Esurf − E∞ (2.14)
where the equilibrium potential is expressed as in Eq. 2.15. (see Nomenclature)





















The non-linear Eq. 2.13 can degenerate into one of the 3 following formulations:
• No mass transfer effects.
If the solution is well mixed, or currents are low such that concentrations at the
surfaces and at the bulk are indistinguishable, Eq. 2.13 turns into the well known


















For small value of η the current is linearly related to the overpotential, where the









For high values of the overpotential, one of the exponential terms becomes negligible
with respect to the other, leading to a much easier formulation of the BV equation























To complete the Eqs. 2.11 it is still necessary to impose a constraint on E affected by the
presence of the DL as well. This is done by making explicit Esurf from Eq. 2.14 :
Active walls{
Esurf = Vel − η − E∞
(2.19)
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The overpotential η is provided by the inversion of Eq. 2.16 or 2.17, or 2.18. While the
manipulation of the latter two can be easily done, the BV equation requires a particular
attention. First the current density is estimated at the boundaries, then the overpotential
and in turns the Esurf are calculated by using the Ridders’ method [49]. It is a false posi-
tion method for exponential functions, which requires two initial values lying on different
sides of the root being sought. The function to be inverted f(x) is then evaluated at those
initial values, and it is transformed into a straight line g(x) thanks to the linearisation in
Eq. 2.20
g(x) = f(x) e(x−x1)Q (2.20)
This method can be seen as a non-linear regula-falsi method, and a sequence of evaluations
of g(x) are performed until the roots η are found.
In short the POTiso-loop:
• imposes an initial E and η
• predicts YCu2+ (Eq. 2.4)
• predicts YSO2−4 (Eq. 2.5)
• predicts YH+ (Eq. 2.10)
• evaluates E (Eq. 2.9)
• reconstructs i (Eq. 2.7)
• inverts in to get η (Eqs. 3.23, 2.17 or 2.18)
• updates boundary conditions (Eqs. 2.12 and 2.19)
• corrects the mole fractions
and iterates until reaching the desired tolerance.
Geometry changes
The electrochemical reactions occurring inside the cell, cause small changes in the geom-
etry of the active plates. At the cathode the deposition of pure solid copper confines the
flow in a smaller channel volume. On the contrary at the anode a corrosive mechanism
takes place releasing cupric ions and increasing the original electrolyte channel volume, as
shown in Figure 2.2.
In this study a dynamic mesh is used to reproduce the stretching and squeezing of the
original grid. The reactor shape is preserved, and no topological changes arise. The mesh
manipulation model solves the grid motion equation (Eq.2.21) written in terms of the
laplacian of the displacement:
∇ · (γ∇d) = 0 (2.21)
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Figure 2.2 Sketch of the geometry changes.
The displacement d represents a point vector field, while γ is the diffusion coefficient
propagating the grid motion information all over the geometry, which is modeled with an




At each time iteration a routine updates the mesh grid by:
• identifying the electrodes
• finding the link between the local and global reference systems
• getting the point vector field of the selected electrode
• interpolating the quantities from the grid-faces to the points
• shifting the grid-points by an imposed time-dependent displacement dimp
• updating the mesh
The vector dimp previously mentioned, imposes the desired displacement to the surfaces
where the impingement is occurring (Eq. 2.23). It is proportional to the flux of cupric
ions which approaches the electroactive plates, and it varies linearly with time t. Only its
z-component is tracked since it is the largest and consequently the limiting one.
dimp = (NCu2+ · n)t (2.23)
The mesh manipulation routine is solved at the very last of each iteration because it
requires the most updated values of the copper mole fraction. The way the active plates are
changing their geometry gives a feedback on how unevenly the electrodes are consuming,
providing information about the system life-time.
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2.2.4 Results and discussions
Numerical results are presented and discussed in this section. All the graphs below report
steady-state solutions along a simulation time of 2000s. Before presenting the full set of
results, it is necessary to spend few words about the numerical schemes used. The time
derivative, although it does not represent a crucial point for this work, is implemented
with a first order implicit Euler scheme. The gradient and the laplacian are discretized
by a Gauss linear integration with central difference. Orthogonal corrections are required
when the deformations of the active plates occur. A limited linear scheme is involved in
the discretization of the divergence. It is a second order scheme bounded by a Sweby
limiter [23].
Furthermore Table 2.4 shows the relaxation factors on pressure, velocity, and overpotential
imposed to improve the stability and speed up the convergence of the solution. The mole







Table 2.4 Relaxation factors used.
Mesh dependency study
A spatial grid convergence analysis is carried out. The discretization error is quantified
by performing the simulation on three different grid sizes with a minimum grid refinement
ratio of r ≥ 1.1 [55]. The functional f is the mole fraction of copper integrated over the
electrode length. Table 2.5 provides the information about each mesh.




Table 2.5 Grids specifics.
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The order of convergence of the solution is estimated as in Eq. 2.24, where fi is the







To estimate the “real” solution, Richardson extrapolation predicts what is the value of the
functional if a zero grid spacing would be applied (Eq. 2.25) [51]:
f0 = f1 +
(f1 − f2)
rm − 1 (2.25)
The generalized theory of Richardson extrapolation makes use of the two finest grid res-
olutions and requires the calculation of a Grid Convergence Index (GCI) as expressed in
Eq. 2.26. It gives an indication on how much the solution would change with further







where Fs is a security factor set to 1.25 [61]. Besides, an asymptotic range of convergence






Table 2.6 shows the final details of this analysis, and indicates that the grid with ID 2
has the best trade-off between accuracy and computational time.
r m GCI12 GCI23 asyR
2 3.66 0.0164% 0.2081 % 1.0013
Table 2.6 Optimum mesh results.
POTisoFOAM
In this subsection the numerical performances of the new developed solver POTisoFOAM
are examined. The cell geometry is configured according to Table 2.1, and the mesh in use
has the ID 2 in Table 2.5. Figure 2.3a presents the evolution of copper mole fraction along
the anode. Cupric ions are released from the anode and pushed trough the electrolyte.
At the entrance of the electrode it is observed that the production is lower than at its
end. This is because the effect of the convective mechanism is stronger at the entrance of
the electrode and it is decreasing with the electrode length where the migration effect is
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becoming more important. To verify what just said, an additional test has been carried
out. It reproduces the same scenario with the only difference being an extremely reduced
velocity of the electrolyte (almost stagnant). In this way the convective mechanism is
negligible, and the entire active surface reacts simultaneously driven just by the migration
and the diffusive contributions. In order to investigate the contribution of the diffusive
transport, the cupric mole fraction along the z -axis is shown in Figure 2.3b at different
Peclet numbers, where Peclet is defined as Pe = ULc/D. By observing the graph, at
high Peclet (red solid line) the convective contribution promotes a constant Y 2+Cu along the
bulk of the electrolyte (0.1 < z/H < 0.9). For Pe = 1 (blue dashed line) the sum of the
migrative and diffusive mechanism becomes comparable to the convective share, and the
range of uniformity in the bulk is reduced to 0.2 < z/H < 0.7. Besides, it is remarkable
that for both cases the concentration of copper at the top of the cell is higher than at the
bottom. The reason is because at the cathode (z/H = 0) the reacting cupric ions produce
solid copper, therefore they leave the cell and are not any more accounted in the modeling.












(a) Along the anode.















(b) Along a vertical cut.
Figure 2.3 Mass fraction of cupric ions.
To better investigate this behavior close to the electrodes, the time evolution of the punc-
tual mole fraction of copper is plotted. Figure 2.4a shows the decrease of YCu2+ close
to the electrode (z/H = 0.02). The variation is of the order of 10−3, as it was already
anticipated in Figure 2.3b. It indicates that the limiting current density is reached, and
that the electrode process is mass transfer controlled. On the contrary close to the anode
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(z/H = 0.98) the cupric mole fraction increases by time and is released into the electrolytic
solution.













(a) Point close to the cathode.











(b) Point close to the anode.
Figure 2.4 Time evolution of the YCu2+ extrapolated from two different points.
Figure 2.5 plots the electric potential along a vertical cut at x = L/2. The plotted line
has an angular coefficient of 0.4. The initial potential drop of the cell is set to −0.4 [V],
and for simplicity purposes the anode is set to zero, so that the ∆Ecell coincides with the
initial cathode potential. The vertical cut is extrapolated from Figure 2.6 where just the
region including the active plates is reported.











Figure 2.5 Electric potential along a vertical cut, at x = L/2.
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-0.079 -0.065 -0.05
E [V]
Figure 2.6 Contours of the electric potential E.
The curvatures of the equipotential E at the extremities of the electrodes (Figure 2.7a and
2.7b) show result to be not fully symmetric with respect to the horizontal axis due to the
effects of the convective mechanism. The same trend is reflected in the current density
field. In Figure 2.8a at the electrode’s entrance the curls of the current contours are more
pronounced with respect to those at the exit. Indeed in Figure 2.8b the potential gradient













mag (i) [Am/kg-mol] Magnitude
0.277 457
(b) Electrodes’ exit.
Figure 2.8 Contours of |i| at the extremities of the electrodes.
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It is now interesting to see what happens alongside the surface of the electrodes in terms
of overpotential. In Figure 2.9a, the minimum peak of ηcathode is gained as soon as the
electrode stars, and its value raises up to the maximum asymptotic value right at the
end of the active plate. On the contrary at the anode, Figure 2.9b displays the maximum
value at the entrance of the anode, and then its value rapidly decreases with an exponential
behavior until the minimum is reached at the end of the electrode. The two overpotential
solutions are the result of the inversion of Eq. 2.16 through the Ridders’ method [49].





































Figure 2.9 Overpotential along the cathode (2.9a), and along the anode (2.9b).
Due to the very high non-linearity of Eq. 2.16, when the Ridders’ method is applied to
reverse the exponential function, a relaxation factor (see Table 2.4) is considered at both
electrodes to improve the stability of the problem. Furthermore, to avoid any unwanted
divergent solutions it is strongly suggested to bound the overpotential to any finite values.
A similar exponential behavior is found in Figure 2.10. It shows the tendency of the
normalized current density along the electrode. Two different test cases are plotted to point
out the relevant dependency to the electrolyte velocity. The dashed curve is produced with
an almost negligible velocity. Here, with the exception of the two lateral peaks, there is no
appreciable variation of the current density, and the case is limited by ohmic drop. On the
contrary in the red curve, the velocity becomes important and the limiting mechanisms
turn out to be the convection.
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Figure 2.10 Averaged current density along the electrode at different Peclet.
These behaviors result to be consistent with the theory expressed in [42]. The limiting
current density distribution is used to estimate the efficiency of the system in terms of








Equalizing the two definitions of Sh, it is possible to calculate the mass transfer coefficient
km as in Eq. 2.29. The result is plotted in Figure 2.11 and obviously it turns to be linearly
proportional to the current density distribution but inversely dependent to the cupric ions
concentration in the bulk solution. The mass transfer rate is infinite at the upstream
edge of the electrode where fresh solution is brought in contact with the electrode. The
current decreases by increasing x, since the solution in the diffusion layer has already been
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Figure 2.11 Mass transfer coefficient profile along the electrode.
The last part of this section analyzes the stretching and squeezing of the mesh to reproduce
the changes in the shapes of the active plates due to the electrochemical reactions. Figure
2.12 shows the solid copper deposited at the cathode after 2000 s of simulation. It acts like
a solid block, obstructing the contact between the fresh electrolyte, rich of YCu2+ , and the
metallic plate. Firstly only the left part of the cathode is affected, but later on the whole
surface diminishes its production rate. The efficiency of the cell is strongly corrupted and
it becomes necessary to remove the solid copper.
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Figure 2.12 Growth of the cathode due to copper deposition.
The process at the anode is reversed, as shown in the sketches on Figure 2.13. The solid
copper is turned into ions dissolving in the electrolytic solution, and causing the corrosion
of the anode plate itself. A sketch of the deformed domain is presented in Figure 2.13a,
and Figure 2.13b illustrates a cross-section of it, where the degradation of the anode takes
place following the flow direction (from left to right).
(a) 3D deformation (b) 2D deformation
Figure 2.13 Sketch of the deformed domain in 3D (2.13a), and in 2D (2.13b).
After 2000s the maximum displacement calculated is 80µm and it is found at the entrance
of the electrodes where the highest reactivity is registered, while the deposition of solid
copper at the cathode is estimated to be approximately 8.8 mg. The replacement of the
active plates is suggested when the efficiency of the system is reduced by approximately
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50% of its initial value. Assuming an electrode thickness thelectrode of 2 mm, the cell is
maintained ideally at 100% of its efficiency for 13.8 h and after 27.7 h the electrodes
need to be replaced, because half anode is corroded and the deposited copper changes the
dynamics of the cell. Results are summarized in Table 2.7.
Variable Value Units
t 2000 s
max d 80 µm
thelectrode 2 mm
tat 100% 13.8 h
tat 50% 27.7 h
Table 2.7 Estimation of the electrode’s replacements.
From an industrial point of view this solver can be used to predict the amount of copper
collected, the electrodes’ replacement and therefore estimate the cell life-time.
Validation
The predictions of the new solver POTisoFOAM are compared in terms of current density
at the electrode to analytic and numerical solutions, as well as the experimental data of
Gerth L. [16]. The electrolyte properties, and the input parameters are the same as those
shown in Table 2.2 and 2.3. The analytic solution of Leveque [42] is used for limiting
current density conditions. As expressed in Eq. 2.30, the limiting current density is









In this frame, two additional data sets are used to prove the validity of the POTisoFOAM
solution. The first simulates the same test case with the commercial software Comsol,
and the latter is the result of a numerical work performed by Georgiadou M. [15]. Figure
2.14 presents all the data of the normalized current density evolution along the cathode’s
length.
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Figure 2.14 Current density comparison.
The trend is the same for all the five sets of data. The peaks at the electrode entrance expo-
nentially decrease until the end of the plate, where the asymptotic value of approximately
0.7 is reached. Starting by analyzing Leveque’ solution, it underestimates the normalized
current density because of the limiting assumptions of its theory [42], for instance it does
not account for the migration transport mechanism. Besides, the solution implemented
in Comsol (dashed line) has a sharper transition from the peak to the asymptotic value,
while at the exit of the electrode it overestimates the local current density with a small
curl. These issues might be related to the discretization method used by the software, but
no further investigations have been carried out about this small discrepancy. The curve
of POTisoFOAM presents a slightly higher peak at the entrance of the electrode, never-
theless its trend follows the other solutions alongside with the numerical result provided
by Georgiadou [15]. Finally, the last set of data presents some deviations from the other
trends, specially at the center of the active plate. It could be possible that those gaps are
due to some experimental errors not better identified by the authors, like the accuracy
of placement of the sensors used. The entrance peak and the final asymptotic value are
catch anyhow. By assuming an error band of 20% on the experimental measures the same
graph is plotted in Figure 2.15 comparing exclusively the experimental results and the
POTisoFOAM solution.
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Figure 2.15 Comparison between POTisoFOAM and the experimental data
assuming an error band of 20%.
The maximum relative error (Eq.2.31) is estimated to be 3.74. Before and after the middle
of the electrode, the measures fall within the 20% range with two exceptions around






A numerical model has been implemented in OpenFOAM -2.3.1 to predict and investigate
the performances of a generic electrochemical reactor. A copper depletion system in a rect-
angular geometry has been selected as the test case. The new solver POTisoFOAM makes
use of the finite volume method to solve the highly coupled set of equations. POTisoFOAM
is realized in fact with a tree architecture where each branch is easily accessible from the
main body. The solver contains two predictor-corrector loops. The first takes care of the
fluid-dynamics, solving pressure and velocity fields. The second predictor-corrector solves
the electric potential field coupled together with the mole transport equations. Ohmic
drops and gradient concentrations in the electrolytic solution contributes to the E distri-
bution, while diffusion, convection and migration are responsible of the transport of ions
in the electrolyte. The current density distribution is accurately predicted and validated
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through experimental, analytic, and numerical data from the literature.
This study allows the investigation of the performances of a wider range of electrochemi-
cal systems without any strong limiting simplifications. The strength of POTisoFOAM is
the use of the Butler-Volmer equation in its original and integral form. Few precautions
though, have to be accounted for, such as the use of relaxation factors, and the bounding
of the overpotential to avoid any undesired divergent solutions. For those systems where
the absolute value of the electrode overpotential is relevantly high or extremely low, the
solver offers also the possibility to switch respectively to the logarithmic or linear form of
the BV-equation saving computational time without losing accuracy. POTisoFOAM is
equipped with a moving mesh to reproduce the geometric deformations caused by deposi-
tion or corrosion at the active plates. This tool becomes important in the estimation of the
system life-time, and can be used to evaluate the efficiency of the system and to predict
the replacement time of the electrodes. In fact, improvements in the geometry have shown
to have a deep impact on the efficiency of the active plates. A new design might be also
including turbulence promoters, to have a more performing mixing level of the electrolytic
solution. Results can be used to optimize the performances of electrochemical reactors on
industrial scales.
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2.2.7 Nomenclature
Symbol Units Description
asyR − asymptotic range of convergence
Cs kg-mol/m3 concentration of the s-th species
CTOT kg-mol/m3 total electrolytic concentration
d m point displacement vector field
dimp m imposed point displacement
Ds m
2/s diffusivity of the s-th species
E V electric potential
E0 V standard electric potential
E0RE V standard electric potential of the reference electrode
Esurf V surface electric potential
E∞ V equilibrium potential
F As/(kg-mol) Faraday’s constant
Fs − security factor
f m functional
H m electrode’s height
i Am/(kg-mol) current density per units of CTOT
i0,el Am/(kg-mol) exchange current density associated to the null potential
iq Am/(kg-mol) current density of the q-th reaction per units of CTOT
ilim Am/(kg-mol) limiting current density
km m/s mass transfer coefficient
L m electrode’s length
Table 2.8
2.2. STRONGLY COUPLED MODEL FOR THE PREDICTION OF THE
PERFORMANCES OF AN ELECTROCHEMICAL REACTOR 29
Symbol Units Description
Lc m characteristic length
l m distance from the moving node
m − order of convergence of the solution
N i m/s flux of the i-th species per units of CTOT
n − number of electrons exchanged
Pe − Peclet number = ULc/D
p Pa pressure
R J/(kg-molK) universal gas constant
Rct Ω kg-mol/m charge transfer resistance
r − grid refinement ratio
Sr 1/s rate of homogeneous chemical reaction
Sh − Sherwood number
stsq − stoichiometric coefficient of the s-th species
T K bulk temperature
t s time
thelectrode m electrode’s thickness
timeat 100% s time until which the cell works at 100% of its efficiency
timeat 50% s time until which the cell works at 50% of its efficiency
U m/s velocity
U in m/s inlet velocity
Vel V measured electrode potential
∆Ecell V imposed cell voltage
Table 2.9
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Symbol Units Description
Y bs − bulk mole fraction of the s-th species
Ys − mole fraction of the s-th species
Ys,RE − mole fraction of the s-th species at the reference electrode
Y box − bulk mole fraction of the oxidant component
Y surfox − mole fraction of the oxidant component at the plate
Y bred − bulk mole fraction of the reductant component
Y surfred − mole fraction of the reductant component at the plate
zs − charge number of the s-th species
Greek symbol Units Description
αsym − symmetry factor
η V electrode overpotential
ν m2/s kinematic viscosity
ρ kg /m3 solvent density
Table 2.10
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Cet article contribue à la thèse en prenant en compte un régime turbulent et en étudiant les
effets de différents modèles sur les performances d’un réacteur électrochimique à l’échelle
du laboratoire
Résumé français:
On a développé, en utilisant la librairie de calcul de mécanique des fluides numérique ou-
verte OpenFOAM, un nouvel outil qui permet d’étudier et de prédire le comportement et
d’évaluer la performance de réacteurs électrochimiques, nommé POTisoFOAM. Le modèle
mathématique développé est résolu en utilisant la méthode des volumes finis et exploite la
flexibilité d’OpenFOAM. Il utilise deux boucles consécutives prédicteur-correcteur qui ré-
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solvent en premier les équations de Navier-Stokes moyennes selon Reynolds et en deuxième
les équations associées au transport des ions et à la conservation des charges électriques.
À ce système d’équations, déjà complexe, s’ajoutent les conditions aux limites fortement
couplées et non-linéaires de Butler-Volmer associées à la présence de la double couche élec-
trochimique. On obtient ainsi la distribution tertiaire de la densité de courant. L’étude
présentée porte sur la simulation de l’électrodéposition du cuivre dans une cellule de type
FM01−LC, dans laquelle les géométries d’entrée et de sortie sont censées distribuer uni-
formément les flux de réactif. Cependant il est montré que la géométrie d’entrée crée des
zones ayant des forts gradients de vitesse et provoque un régime d’écoulement en grande
partie turbulent même pour des nombres de Reynolds relativement bas.
Note:
À la suite des corrections demandées par les membres du jury, le contenu de cet article
diffère de celui qui a été accepté
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3.2 Investigation of the effects of turbulence on a FM01-
LC reactor
A new solver named POTisoFOAM is presented to predict and investigate the perfor-
mance of electrochemical reactors. Its mathematical model is developed and implemented
through finite volume methods and exploits the flexibility of the open source package Open-
FOAM. The solver consists of two consecutive predictor-corrector loops. The first solves
the pressure and velocity fields, while the second handles the ions transport and current
conservation. The equations’ system is further complicated by means of the non linear
Buttler-Volmer boundary conditions. Despite the strong coupling between the charged
ions and the electric potential, the reconstruction of the tertiary current density distri-
bution is achieved. This study simulates the electrodeposition of copper in a FM01-LC
cell, where the design of the entrance and exit manifolds create zones with strong velocity
gradients, and initiate a turbulent regime inside the reactor.
3.2.1 Introduction
A parallel plate electrochemical reactor (PPER) is a device where two slabs are facing
each other, and an electrolytic solution flows in between carrying reactants and prod-
ucts. The voltage difference imposed at the plates is responsible for the creation of the
electric field. It facilitates chemical reactions, species from one half-cell lose electrons by
oxidation, while species from the other half-cell gain electrodes by reduction [43]. In spite
of its structural simplicity, the design of a PPER turns out to be a hard task. Studies
demonstrated that improvements in the inlet/outlet geometry lead to more uniform flow
patterns promoting a homogeneous distribution of current density, and electric potential,
alongside with a more even consumption of the electrode surfaces and an increase of the
system life-time [7, 13, 63, 70]. In short, designers ensure that the reaction occurs with
the highest efficiency towards the desired output product, requiring the cheapest operative
solution. In order to achieve so, this study provides a mathematical model to investigate
the performances of a PPER, analyze the critical and challenging coupling, and eventually
predict its operative conditions.
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3.2.2 FM01-LC
Among the parallel plate electrochemical reactors, the FM01-LC is the most common
cell for continuous flows thanks to its validated technology and its versatile electrolyte.
It is used in several industrial applications worldwide such as electro-synthesis [56], wa-
ter treatment [8, 31, 40, 41] and various energy storage process. The FM01-LC is the
laboratory scale reactor of the industrial cell FM21-SP (2.1 m2) mostly used for the chlor-
alkali production by the INEOS Chlor-Chemicals company [20, 68]. The prototype has
instead a projected area of only 64 cm2; it measures 16 cm in length, 4 cm in width and
1.1 cm as the gap between the electrodes [66]. The design is provided of a plate-and-frame
filter-press configuration. Electrodes, spacers, ion-exchange membranes and gasket are
compressed between two electrically insulated end plates [67]. Figure 3.1 shows a scheme
of the FM01-LC cell.
Figure 3.1 Exploded view of the FM01-LC laboratory cell electrolyzer [67].
The peculiar structure of its manifolds at the entrance and at the exit of the active chan-
nel provokes perturbations which can degenerate into turbulence regimes, affecting the
fluid-dynamics, and as a consequence the performances of the reactor. Different flow pat-
terns mean also different mass transfer rate of the electro-active species, different current
density and potential distributions [54]. Several design modifications have been analyzed
to improve the reactor performance [7, 13, 63], but the simultaneous occurrence of the
phenomena results in an intricate scenario difficult to reproduce. In order to handle the
high complexity of the problem, and in particular the promoted turbulence, this work
is entirely built by means of open source software, from the geometry design, to mesh-
ing, and coding, allowing maximum flexibility and accessibility. The mathematical model
is implemented in OpenFOAM (Open-source F ield Operation And M anipulation). The
software, mostly used for computational fluid-dynamics (CFD), allows transversal links
between different domains interconnecting physical process [9]. This choice permits to
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built a multi-disciplinary adaptable solver where various scenario can be reproduced, and
solutions are achievable for a wider range of applications.
3.2.3 POTisoFOAM: Mathematical and numerical formulation
POTisoFOAM stands for POT ential - Piso - FOAM, and it recalls the name of the
two main predictor-corrector loops that constitute the solver: the first handles the fluid-
dynamics part (Piso-loop) solving continuity, momentum, and turbulence equations, while
the second takes care of the electrochemistry (POTential-loop) solving the potential field
simultaneously with the mole transport equations. A set of non-linear boundary conditions
closes the system. In the next subsection the main structure of the solver POTisoFOAM
is presented.
Fluid-dynamics
The hydrodynamic behavior is investigated by solving the continuity Eq. 3.1, and the
momentum equation Eq. 3.2, in a predictor-corrector loop explained below:
∇ ·U = 0 (3.1)
∂U
∂t
+U · ∇U = −∇P
ρ
+ ν∇2U −∇ ·R (3.2)
where U is the mean velocity, ρ and ν the average density and kinematic viscosity of the
electrolytic solution, P the pressure, and R the averaged Reynolds stresses. The latter
are linearly related to the strain rate tensor, according to Boussinesq hypothesis [6]. They
are described in Eq. 3.3, in which νT is the turbulent kinetic viscosity, k the turbulent












A first guess on pressure is used in Eq. 3.2 to estimate a non-divergence-free velocity. The
coefficients of the resulting velocity matrix are then split into a diagonal and a non-diagonal
matrix (piso - Pressure Implicit with Splitting of Operators). The predicted velocity is
used to calculate the new value of pressure, which in turn corrects the non-diagonal matrix
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and force the updated velocity to be divergence-free. The accuracy of this routine is user
defined and can be chosen by selecting a specific number of loops or a desired tolerance
[12, 21–23, 45].
Turbulence
The particular shapes of the entrance and exit manifolds, create flow patterns with different
velocities that sliding on top of each other form eddies increasing in size. Therefore, the
investigation of the developed turbulence becomes of utmost importance in the dynamics
of the cell. In this study two well known turbulent models are used and discussed: k-ε
and SST -k-ω model. The k − ε model provides the turbulent kinetic energy k, and the
turbulent dissipation rate ε, by solving the transport equations Eq. 3.4 and 3.5 [26].
∂k
∂t







+ Pprod − ε (3.4)
∂ε
∂t














The equations are written in accordance to OpenFOAM implementation, where Pprod is
defined as in Eq. 3.6
Pprod = −R∇ ·U (3.6)
The values of the constants σk, σε, Cε,1, and Cε,2 are shown in Table 3.1. An additional





σk σε Cε,1 Cε,2 Cµ
1 1.3 1.44 1.92 0.09
Table 3.1 k-ε: model’s constants.
The method discussed above belongs to the RANS family, Reynolds Averaged Navier
& Stokes equations, where each variable is decomposed in its averaged and its fluctu-
ating part. During the simulation, this allows to store only the significant components
of each variable with a significant decrease on the computational costs. Moreover, the
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computational time is further reduced thanks to the special treatment reserved to walls,
where the shape of the velocity profile can be retrieved by placing the first cell inside the
logarithmic layer. Indeed, in the region closest to the wall, called laminar sub-layer, the
viscosity controls the normal momentum, and the non dimensional velocity U+n follows
Eq. 3.8. Farther from the wall, the profile falls in the so-called logarithm region where
turbulence controls the normal transport of momentum, and U+n obeys Eq. 3.9. The use
of wall functions permits to predict the steep changes between the two regimes without









Figure 3.2 k-ε model: near wall treatment.
where uτ is the friction velocity, δ the distance perpendicular to the wall, and δ+ its non
dimensional form (=δuτ/ν), K = 0.41 is a constant same as B = 5.2. The model k-ε
is widely used thanks to its easy convergence and its robustness, specially far away from
walls . A valid alternative to this is the SST -k-ω model. It belongs to the RANS family,
and it acts like a low Reynolds model close to walls, and like a high Reynolds model
far from walls, meaning that it correctly reproduces the limiting behaviors of various
flow quantities as the distance to the wall approaches zero, without any extra damping
functions. For these reasons in this work no wall functions are employed when the SST -k-
ω is used. Additionally, the SST formulation switches to a k-ε behavior in the free-stream
and thereby prevents the model to be too sensitive to the inlet turbulence properties
[34, 35]. The model is a two-equation model where k and the turbulence frequency ω are
solved through Eq. 3.10 and 3.11
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∂k
∂t







+ P ′prod − β∗ωk (3.10)
∂ω
∂t








2 − βω2 + 2 (1− F1) σω2
ω
∇k∇ω (3.11)
The model is equipped with a blending function, F1. It allows the model to behave like
k-ω close to the wall, F1 = 1, and like k-ε away from it, F1 = 0. All the constants follow
the blend form of Γ in Eq. 3.12 [37], and are regrouped in Table 3.2.
Γ = Γ1F1 + Γ2(1− F1) (3.12)
β∗ β αω σ′k σw
Γ1 0.09 3/40 5/9 0.85 0.5
Γ2 0.09 0.0828 0.44 1 0.856
Table 3.2 SST -k-ω: model’s constants.
Furthermore the modeling of turbulent eddy viscosity νT follows the form in Eq. 3.13
νT =
aωK
max (aωω , SF2)
(3.13)
in which aω = 0.31, S is the local strain rate [46], and F2 is another blending function














As said before, only significant components are stored through a RANS simulation; but
the substantial increase in computer power of the last decades, allows to achieve consid-
erable progresses in the development of more accurate turbulence models. Among these,
Large Eddy Simulation (LES) are found. LES is used here in its one equation eddy vis-
cosity model for incompressible flows, where the eddy viscosity Sub Grid Scales (SGS) are
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νeff = νsgs + ν , νsgs = Ck
√
k∆ (3.16)
where BLES = 2/3kI − 2νsgs dev(DLES), while DLES = symm (∇U), and the two con-
stants are equal to Ce = 1.048 and Ck = 0.094. The filter separating small scales from
large scales ∆ is modeled as the cubic root of the volume cell. Indeed LES makes use of
the assumption that large turbulent scales are the only ones to be fully resolved, while
smaller scales are universal and sub-grid models can be used instead. This makes LES a
good compromise between the high computational cost of more exact solutions, like Direct
Numerical Simulation (DNS), and the lack of information in the variables’ fluctuations of
RANS [48, 74]. Nevertheless the full LES formulation is not further explained, because
in this paper it is used only to identify the target velocity solution. Due of the generality
and the well known validity of these turbulence models, the author decides to refer to
[37, 47, 71] for any further detailed explanation.
Electrochemistry
The electric potential field E, and the mole fractions Y are here solved. The electric
potential at the previous time step ts−1 is required to initialize the POTential-loop, solve
the ions transport equations, and predict the mole fraction of each ∗-th species. Once all
the mole fractions are retrieved Eq. 3.17, they are employed in the current conservation
equation to update the value of Ets, Eq. 3.18. The new electric potential is finally used





s∗ +∇ · (U , Y tss∗ )−∇2(Deff , Y tss∗ ) = a1∇2(Y tss∗ , Ets−1) (3.17)y Y tss∗
a2∇2(Y tss∗ , Ets∗ ) + a3∇2(Deff , Y tss∗ ) = 0 (3.18)y Ets
∂tY
ts
s +∇ · (U , Y tss )−∇2(Deff , Y tss ) = a1∇2(Y tss , Ets∗ ) (3.19)
↓
Y tss , Ets
In the scheme above the apexes refer to the time step, ∗ indicates the guessed values, a1, a2,
and a3 are constant coefficients. The term Deff is the effective diffusion coefficient of the
electrolytic solution, and it sums up the molecular diffusivity and the turbulent diffusion
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of the flow. It is worth mentioning that the transport Equations account for convection,
diffusion and migration. Meanwhile, the current conservation consists of the ohmic drop
across the cell, and the concentration potential. The latter is often neglected in presence
of diluted solutions where reactants’ concentrations play an important role just close to
the electrodes. In this work it is decided not to use this simplification to maintain the
generality of the case. The result is a very strong challenging coupling between the electric
potential and the mole fractions. The number of species solved in this POTential-loop are
N -2, being N the total number of species considered in the solution. The two missing
equations are the total mole fraction conservation Eq.3.20 and the electroneutrality of the
solution Eq.3.21, where zs is the charge number of the species.∑
s
Ys = 1 (3.20)
∑
s
zsYs = 0 (3.21)
Electrode kinetics
The coupling between the electric potential and the mole fractions of the species gets
stronger at the boundaries. Here, N s the normal flux of ions taking part to the surface’s
reaction is expressed as a function of the normal current density iq in Eq.3.22 :






in which ssq is the stoichiometric coefficient of the s-th active species in the q-th reaction,
nq the number of electrons exchanged per reaction, while the sign ± depends whether the
reaction is occurring at the anode or at the cathode. In both cases to model the kinetics of
the electrodes, the term iq needs to be further developed. The current density transported
by the active ions is indeed a function of the electrode’s overpotential (Eq.3.23):
















where i0 is the exchange current density associated to the null potential, α is the symmetry
factor also known as the charge transfer coefficient, F the Faraday’s constant, R the
universal gas constant, T the temperature of the electrolyte and finally η the electrode’s
overpotential. Equation 3.23 is also known as the Butler-Volmer equation [5, 42, 66], and
its exponential nature complicates even more the coupling. At the initial time step the
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value of η is unknown. Thanks to Eqs. 3.17, 3.18 and 3.19, the variable Y n and En
are retrieved, the product iq · n is estimated and substituted into Eq. 3.23. The Butler-
Volmer equation is then inverted by means of the Ridders’ method and the electrode’s
overpotential is recovered. The Ridders’ method is a non-linear regula-falsi method, where
the originally non linear function f(x) is transformed (Fig. 3.3) into a linear function g(x)
whose roots are (η) [49]. The method also requires that the two initial values (x1 and x2)








Figure 3.3 Ridders’ method: Transformation.
The electric potential on the active plates Eel can now be updated by subtracting the new
value of the overpotential and the calculated equilibrium potential E∞ (here estimated as
a fixed value) from the measured electrode potential Vel.
Esurf = Vel − η − E∞ (3.24)
3.2.4 Simulation set up
In this study, the prototype FM01-LC is chosen. Its CAD model has been realized with
the geometry module of Salome 7.4 (open-source integration platform for numerical sim-
ulations). Figure 3.4 provides a 3D sketch, and the dimensions of the rectangular channel.
As it can be noticed, the flow at the inlet and at the outlet of the channel is perpendicular
to the plates. This design allows to pack in series multiple reactors increasing the overall
productivity in a large scale plant. Another characteristic of this design is the manifold
used at the entrance and at the exit of the reactive channel. The flow entering from the
inlet cylinder, is re-distributed in five conducts with different lengths, causing an uneven
flow at the entrance of the rectangular channel. Figure 3.5 gives a top view of the entrance
manifold, whose height is 3 mm smaller than the reactive chamber.


















Figure 3.4 Geometry of the FM01-LC prototype.
x
y
Figure 3.5 Top view of the entrance manifold.
In order to mesh this geometry, SnappyHexMesh has been used. It is a tool embedded
in the OpenFOAM package and helps creating a structured grid out of a given geometry.
Table 3.3 shows the main mesh’s characteristics used with the three different turbulence
models. The k-ε and SST -k-ω meshes have approximately the same number of cells in
the rectangular reactive channel. The first makes use of wall functions, while the second
has three refinement levels with an expansion ratio of 1.1 to integrate the bulk solution
up to the walls. The LES mesh presents a much more refined grid, where most of the
non-orthogonality is concentrated at the entrance and exit manifolds. A zoom-in of the
k-ε exit manifold’s mesh is reported in Figure 3.6.
The solver, is implemented using a finite volume formulation. All the first order derivatives
in time are discretized using an implicit Euler method, and all the gradients follow the
Gauss linear discretization. Particular care is used for the convection term discretized
by means of the Gauss limited linear scheme. In the results section is shown that the
more common Gauss upwind discretization is not appropriate for this test-case. The





Figure 3.6 k-ε model: zoom in of the exit manifold mesh.
laplacians are modeled with a Gauss linear corrected scheme, to help reducing the mesh
non-orthogonality in the manifold areas. Relaxation factors on pressure, velocity and mole
fraction are used to make sure that the matrix coefficients are diagonally dominant, and
encourage a faster convergence.
k-ε SST -k-ω LES
equations Eqs. 3.4 - 3.5 Eqs. 3.10 - 3.11 Eq. 3.15
tot cells 213,175 677,832 3,922,896
hexahedra cells 189,580 590,034 3,905,930
prisms cells / 6780 15,946
polyhedra cells 23,595 81,018 1020
aspect ratio 1 4.1 8
non-orthogonality 10 10 5
max skewness 0.3 2.8 3.7
extra info WF no WF ∆ = (Vc)
1/3
y+ average 14.18 5.3 1.2
Table 3.3 Meshes properties: k-ε, SST -k-ω, LES.
The prototype FM01-LC is used in this work to simulate the electroplating of copper.
The electrolytic diluted solution consists of 18 mM CuSO4 + 1M H2SO4 and both the
electrodes are made of copper. The cathode is considered the working electrode where the
ions Cu2+ capture the electrons and deposit on the plate, ready to be removed. At the
anodic counter electrode the copper is oxidized, and dissolves releasing ions as expressed
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in Eq. 3.25. For the sake of simplicity the ∆Ecell is equal to the cathode initial potential,





3.2.5 Results and discussions
In this section the results obtained using POTisoFOAM are presented and discussed. The
solver has been previously validated versus analytic, experimental, and numerical data for
the limiting current density distribution in a laminar case on a rectangular geometry, in-
cluding only fluid-dynamics and electrochemical phenomena. The validation has provided
excellent agreement [29].
Fluid-dynamics
The hydrodynamic results are presented below. Figure 3.7 indicates the locations of
seven cross-sections perpendicular to the flow which allow to investigate averaged velocity
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Figure 3.7 Locations of the cross-sections where the velocity is investigated.
In Figure 3.8 the cross-section at the entrance of the channel, x = 0 cm, shows the
presence of five jets. The maximum magnitude velocity located at the bottom, comes from
the shortest entrance channel where the flow is not deviated and goes straightforward to
the main reactive chamber. The difference in height between the paws and the reactive
channel, see Figure 3.4, improves the mixing of the solution, and produces a zero-velocity
zone in blue on the right side of this cross-section. In the second cross-section at x = 1 cm,
this zero velocity zone is reduced and the shapes of the inlet jets become blurred. At
x = 4 cm and x = 8 cm, the flow can be already considered fully developed, since the
jets can be barely distinguished, and those at the extremities of the y-axes have almost
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halved their strength. The fifth contour at x = 12 cm, introduces the presence of a higher
velocity magnitude for small values of y. The same trend is depicted in the cross-section
at x = 14 cm, where the velocity keeps increasing. At x = 15 cm, the effects of the exit
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Figure 3.8 Contours of the averaged magnitude velocity in m/s, for Re=1000,
at different distances from the entrance.
It is clear that the effects of the entrance and exit manifolds have an impact on the flow
patterns in the reactor. Therefore, it becomes interesting to see how the velocity profile
looks like close to the entrance. A line extracted perpendicularly to the flow (Figure 3.9a)
shows the axial velocity profile in Figure 3.9b. Results are obtained at a Reynolds number
of 4845, and are compared with a previously validated numerical work with a similar grid
size using the k-ε turbulence model [53]. The averaged profiles show a good agreement
for the smallest values of y, and a poor overlapping immediately close to it. The jets
at y/W = 0.25 and y/W = 0.5 well describe the axial velocity component, but as soon
as the ratio y/W overcomes half cell, a more important mismatch is noted. This work
(POTisoFOAM) underestimates the fourth peak, and presents an overshooting in the
last one (Figure 3.9a). The differences between the predictions could be explained by the
fact that the details of the geometry were not provided by [53], therefore the simulated
manifold’s geometries may have small differences.




(a) Location of the profiles.















(Rivero et al. 2015)
(b) Averaged axial velocity profiles.
Figure 3.9 k-ε model: averaged axial velocity profiles comparison at the en-
trance, Re=4845.
Turbulence
This section presents the results of the two RANS models here implemented. The LES
simulation, as previously mentioned, is only used as a validation standard, and later on the
two RANS models are compared with it. Figure 3.10 shows an instantaneous magnitude
of the velocity on a horizontal slice placed in the middle of the reactor.
0.51 1 1.5




Figure 3.10 LES model: instantaneous magnitude velocity on a horizontal
slice placed in the middle of the reactor, Re = 4845.
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The effect of the manifold geometry on the flow patterns is not negligible, specially close
to the entrance as shown in Figure 3.11, where the flow goes from left to right. The
streamlines of the electrolyte are obtained by means of the k-εmodel, and they are mapped
with the mean axial velocity Ux. Figures 3.11a and 3.11b give a top and bottom view of
the reactor. The most diagonal entrance channel produces a slow jet that first bounces on
the later edge of the reactor with an angle of almost 45o, and then rolls on top of the other
jets, as it can be seen from its top view. The three jets close by have a higher velocity
which allow them to impact the reactor’s edge farther from the entrance and with smaller
angles. The velocity peak is found between the straight jet and its neighbor. This pushes
the straight jet until the end of the reactive channel without any contact with the lateral
side of the rector. The second half of the reactor appears to have lower velocity, and less











Figure 3.11 k-εmodel: averaged streamlines of the electrolyte mapped with the
mean axial velocity Ux, top view (3.11a) and bottom view (3.11b), Re = 4845.
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To have a better understanding of the turbulence involved in the process, Figure 3.12 shows
a slice extrapolated from the middle of the reactor where the contours of the turbulent
kinetic viscosity are plotted. The νT is here calculated through the SST -k-ω modeling.
As said before, most of the turbulence is concentrated on the first half of the reactor. The
turbulent kinetic viscosity presents darker shades of red along the paths of the shortest
entrance channel and its neighbor. The two form a recirculating zone right in the middle
of the reactor, that drags alongside the rest of the fluid downstream. A third smaller
orange shade is shown close to the second jet from the top, and it merges with the other
two immediately after its formation. The exit manifold presents a blue zone of basically







Figure 3.12 SST -k-ω model: contours of the mean turbulent kinetic viscosity
in the middle of the reactor, Re = 4845.
The three models are now compared by extracting the axial velocity profiles from the two
red lines placed in the middle of the reactive chamber, Figure 3.13, where line l crosses
the reactor longitudinally, and line h horizontally. Figure 3.14 presents the averaged axial
velocity along the two lines. In Figure 3.14a, results are plotted versus the normalized y
coordinate. The two high velocity lateral zones identify in Figure 3.10 are caught by the
three models with some differences. SST -k-ω does not make use of wall functions, and
integrates the turbulent variables up to the wall.







Figure 3.13 Longitudinal line l, and horizontal line h at z = H/2.
For values of y/W lower than 0.5, the agreement of SSt-k-ω with LES is good; but in
the second half of the cell, the gap between the two increases. An opposite behavior is
noticed for k-ε which has a better agreement with LES for values 0.5 ≤ y/W ≤ 1, and
over-predicts the axial velocity elsewhere. Figure 3.14b shows the averaged axial velocity
along the longitudinal profile versus the normalized x coordinate. The figure compares
the two models discussed in the turbulent section with respect to the target LES-velocity.
Both SST -k-ω and k-ε well predicts the behavior of Ux for high values of x/L. Despite
the computational time saving of k-ε using wall functions for wall treatments, the solution





































(b) Averaged Ux along line l.
Figure 3.14 Averaged axial velocity profiles obtained with SST -k-ω (blue), k-ε
(magenta), and LES (black) along lines h (3.14a), and l (3.14b), for Re = 4845.
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Another interesting comparison is obtained in Figure 3.15 where the turbulence intensity
(Ti) is plotted on a slice cut. The turbulence intensity is generally known to be the ratio
between the fluctuating velocity u′ and the the averaged magnitude velocity [47], and it







Figure 3.15 shows its trend on a slice cut at z = H/2 for the three turbulent models.
The color maps are uniformed so that the reader is at ease with the comparison. In
figure 3.15a k-ε predicts a turbulence intensity zone of elliptical shape, where Ti ≈ 3%.
This zone is close to the entrance manifold and follows the diagonal path of the second
and third jet. Inside this zone highlighted in green, three other areas with higher Ti are
identified. The turbulence is then dumped, and propagates to the end of the reactive
chamber with a small deviation to the right of the reactor due to the first straight jet
at the entrance. The relatively high level of turbulence intensity in the first half of the
reactor produces a desirable high level of mixing in the electrolytic solution. If on one
hand this can be translated with a more productive cell, on the other hand it also means
more anodic corrosion. This scenario will lead to an uneven and unwanted consumption of
the electrode, and an under-prediction of the cell life-time. In Figure 3.15b the same slice
is reproduced. The effect of the entrance manifold appears to be less concentrated. The
green elliptical zone identified in the previous picture, is spread longitudinally but remains
confined in the first part of the reactor. At its inside there are still few concentrated zones
of higher turbulence intensity. This second scenario presents a less critic solution where
Ti is less concentrated and more distributed in the first half of the chamber; but the non
uniformity with the rest of the chamber will lead to the same conclusion. The elliptical
shape of the first two pictures can be identified also in Figure 3.15c. This time the zones
with higher Ti are concentrated at the edge of the ellipse and not inside it. The rest of
the reactor looks to have a null turbulence intensity, but this is only due to the uniformed
color maps, as the contours lines demonstrate. The use of LES produces a more even
turbulence intensity distribution, with a smoothed gradient between the entrance and the
exit of the reactor. The local mass transfer rate is probably less enhanced than in the
case of k-ε, but the global mass transfer rate of the reactor modeled with LES is for sure
higher, since the well mixing of the solution is guaranteed along the whole chamber. A
more realistic prediction of the cell life-time is then achievable.























Figure 3.15 Averaged turbulence intensity contours obtained on a slice at z =
H/2 with k-ε (3.15a), SST -k-ω (3.15b), and LES (3.15c); Re = 4845.
As explained before, the three models make use of different meshes, and different wall
treatments. For a reactor like the FM01-LC this work points at SST -k-ω as the most
appropriate choice. It produces results close to LES simulation with a reasonable compu-
tational effort. Table 3.4 summarizes the resources used by each model, to give an idea of
the various computational costs.
k-ε SST -k-ω LES
wall time 01 : 01 : 08 03 : 11 : 57 119 : 56 : 04
cpu time 24 : 06 : 55 76 : 16 : 29 2871 : 42 : 09
memory [kb] 1,975,712 2,647,616 7,332,016
virtual memory [kb] 11,605,988 12,273,624 17,216,792
Table 3.4 Resources used: k-ε, SST -k-ω, and LES.
Section 3.2.4 lists all the discretization schemes used in this work. Particular attention is
reserved to the divergence term, since its non linearity deeply affects the convergence of
this strongly coupled problem. The sensitivity of the model to this discretization scheme is
plotted in Figure 3.16. It presents the axial velocity profiles obtained by SST -k-ω model
52 CHAPTER 3. TURBULENCE STUDY IN AN FM01-LC REACTOR
using two different divergence schemes, and compares them to the LES result here used
as target.
• Gauss limited linear.
It has an accuracy of the second order, and it is characterized by a limiting function
to avoid non physical values of the solution [64].
• Gauss upwind.
It does not need any limiting functions, because it is able to remain confined to
physical results on its own [64]. On the contrary it is a first order scheme, and it
may incur in diffusive solutions specially when the flow it is not completely aligned
with the mesh.
The blue solid line identifies the Gauss limited linear scheme. It follows the same trend
as the LES dotted line, but it under-predicts the first peak, and over predicts the values
around 0.25 x/L. From 0.3 x/L on, the two lines overlap. The dashed line in magenta
makes use of the Gauss upwind scheme. The scheme is really sensitive to the artificial
diffusivity caused by a non alignment between the flow and the mesh. This is indeed the
case in the first half of the reactor, where the longest entrance channel produces a slow
jet that hits the lateral edge of the reactor, flips its direction, and crosses diagonally the
rectangular chamber. The bump already identified with the Gauss limited linear scheme is
here emphasized. Nevertheless a good matching is noted in the second half of the reactor,


















Figure 3.16 Averaged Ux profiles obtained with the discretization of the di-
vergence term through Gauss limited linear (blue) and Gauss upwind schemes
(magenta), along the longitudinal line l. Results use SST -k-ε model, and they
are compared with the target LES, for Re = 4845.
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Electrochemistry
The POTiso-loop already validated in a 2D rectangular geometry [29], is now exploited to
investigate the effects of various Reynolds numbers and several cell potentials on the mole
fraction of copper. The following three cases in Figure 3.17 present a parametric study on
different Reynolds numbers. The reactors are fed with 18 mM of copper, and their cell
potential ∆Ecell is fixed to −0.03 V . The electrolyte flows along the x-direction, each slice
is extracted at z = 1.5 mm, close to the cathodic interface electrode/electrolyte, and the
results are expressed in terms of mole fractions normalized by the YCu2+ inlet value. In
Figure 3.17a Re 1384 produces a consumption of the mole fraction of copper close to the
exit which tends to have a more uniform distribution. Despite it, a flow pattern with a
visible tendency towards the bottom left part of the reactor can be noticed. This stream
is pushed at the entrance of the reactor channel from the straight jet at the right, and
it is sunk at the exit by the other straight jet placed at the left of the exit manifold.
By increasing the Reynolds number to 2769 as in Figure 3.17b, the stream enhances its
strength. The electrolyte becomes faster, and the higher mass flow rate keeps bringing
in the reactive cell fresh solution. Last scenario in Figure 3.17c, has a doubled Reynolds
number. The most reactive part appears to be even more confined in the diagonal stream
where the ratio YCu2+/YCu2+,inlet reaches zero, while the rest of the solution is almost
uniform in the surrounding areas. It can be summed up that high Reynolds number
eventually facilitate the removal of the depleted solid copper pushing away the deposits
on the cathode surface. On the other side a system with a lower Reynolds number can be
desired to have a more even consumption of the electrodes, and a longer life time of the
plates.
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(a) Re 1384. (b) Re 2769. (c) Re 4845.
Figure 3.17 Parametric analysis on different Reynolds using SST -k-ε model:
normalized mole fraction distribution of copper at z = 1.5 mm, inlet copper
concentration 18 mM , and ∆Ecell = −0.03 V .
After working on the effects of the Fluid-dynamics, it is important to study the role of
the cell potential in this intricate scenario. The effects on the FM01-LC are investigated
once more in terms of mole fraction distribution of copper along the reactor in Figure
3.18. The slices are extracted at the same height as before z = 1.5 mm, the inlet copper
concentration is still 18 mM , and the Reynolds number is now fixed to 4845. In Figure
3.18a, the cell potential is set to 0.06V . The convection mechanism covers completely the
effect of the migration, and the scenario presents again a strong non symmetry, depicted
by the path crossing diagonally the whole electrode. Increasing the value of the cell
potential up to −0.13 V as in Figure 3.18b, the migration term gets bigger and becomes
comparable to the convection term whose effect is drastically reduced. The sinking effect
of the diagonal stream is soften but remains still visible in the central green patch. Figure
3.18c follows the same trend and the augmentation of ∆Ecell produces a potential field
strong enough to allow the migration term to become predominant over the convection.
The FM01-LC reactor works under mass transfer limited conditions in the lower half of
the reactor, where the concentration of copper is null. It can be said then that higher cell
potentials are desired to push the reactor system up to its productive-limits. At the same
time higher Reynolds numbers facilitate the removal of the depleted solid copper.
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(a) ∆Ecell -0.06 V. (b) ∆Ecell -0.13 V. (c) ∆Ecell -0.21 V.
Figure 3.18 Parametric analysis on different ∆Ecell SST -k-ε model: normal-
ized mole fraction distribution of copper at z = 1.5 mm, inlet copper concen-
tration 18 mM , for Re = 4845.
3.2.6 Conclusions
The numerical model implemented in this study by means of OpenFoam-2.3.1, can be used
to optimize the performance of a parallel plate electrochemical reactor. The new solver
POtisoFOAM consists of two predictor-corrector loops. The first solves the fluid-dynamics
here complicated by the geometry of the reactor. The FM01-LC presents an entrance and
an exit manifold designed to increase the mixing of the electrolytic solution. A turbulence
model is then required to allow a proper reproduction of the flow. Results prove that the
SST -k-ω model without wall functions achieves this goal, by making use of the Gauss
limited linear scheme to discretize the divergence terms. The second loop solves the
electrochemistry by coupling the mole transport of ions with the charge conservation. The
convection, migration, and diffusion phenomena are satisfactory implemented, alongside
the ohmic drop and feeble concentration polarizations. The boundaries treatment at
the active plates successfully implements the non linear Butler-Volmer equation. Results
show that the geometry of the manifold at the entrance and at the exit of the reactor
strongly impacts the cell’s behavior. The electrolytic flow presents a favorite path crossing
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diagonally the reactive channel. Fluid-dynamics results indicate that at low Reynolds
numbers these effects are attenuated at the expenses of a lower production rate. A more
uniform mole fraction of copper is achieved by using a high ∆Ecell, letting the migration
mechanism dominating the convection phenomena. The drawback of such solution comes
from the operative costs that may be involved to provide a higher current to the reactor,
specially on industrial scales with multiple reactors in series. Finally POTisoFOAM can
be used to reshape the manifold design and optimize the reactor’s performance.
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2/(V s) model constant =FzjDj/RT
a2 Am






2/kg-mol model constant =F
∑
j zjDj
aω − SST -k-ω turbulent constant
B − k-ε turbulent constant
BLES m
2/s2 2/3 kI − 2νsgsdev(D)
Ck − LES turbulent constant
Ce − LES turbulent constant
Cε,1 − k-ε turbulent constant
Cε,2 − k-ε turbulent constant
Cµ − k-ε turbulent constant




2/s molecular diffusivity of the s-th species
DLES 1/s symm(∇U )
DNS − Direct Numerical Simulation
E V electric potential
Esurf V electric potential on active plate
E∞ V equilibrium potential
F As/kg-mol Faraday’s constant
Table 3.5
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Symbol Units Description
F1 − SST -k-ω constants’ blending function
F2 − SST -k-ω nuT blending function
h − horizontal line
H m reactive chamber’s height
H ′ m paws height
i0 Am/kg-mol exchange current density associated to null potential
iq Am/kg-mol current density of the q-th reaction per units of CTOT
K − von Karman’s constant
k m2/s2 turbulent kinetic energy
L m reactive chamber’s length
Lc m characteristic length
LES − Large Eddy Simulation
l − longitudinal line
N − total number of species
N s m/s flux of the s-th species
nq − number of electrons exchanged in the q-th reaction
n − vector normal to the electrode’ surface
P Pa pressure
PPER − Parallel Plate Electrochemical Reactor
Pprod m
2/s3 k-ε turbulent production
P ′prod m
2/s3 SST -k-ω turbulent production
R m2/s2 averaged Reynolds stresses
R J/(kg-molK) universal gas constant
RANS − Reynolds Averaged Navier & Stokes
Re − Reynolds number
S 1/s strain rate tensor
SGS − Sub-Grid Scales
SST − Shear Stress Transport
Table 3.6
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Symbol Units Description
stsq − stoichiometric coefficient of the s-th species in the q-th reaction
T K bulk temperature
Ti − turbulent intensity
t s time
ts − time step
U m/s velocity
Ui m/s i-velocity component
Uj m/s j-velocity component
U+n − non dimensional normal velocity
Ux m/s axial velocity
uτ m/s friction velocity =
√
τw/ρ
u′ m/s fluctuating velocity
Vc m cell volume
Vel V measured electrode potential
W m reactive chamber’s width
WF − wall function
xi m i-coordinate
xj m j-coordinate
Ys − mole fraction of the s-th species
zs − charge number of the s-th species
Table 3.7
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Greek Symbol Units Description
α − symmetry factor
αω − SST -k-ω turbulent constant
β∗ − SST -k-ω turbulent constant
β − SST -k-ω turbulent constant
ε m2/s3 turbulent dissipation
∆Ecell V imposed cell voltage
∆ m LES cut-out filter
δ m distance from the wall
δ+ − non dimensional distance from the wall = δuτ/ν
δij − Kronecker delta
η V electrode overpotential
ν m2/s solvent kinematic viscosity
νeff m
2/s effective kinematic viscosity
νsgs m
2/s sub-grid scale kinematic viscosity
νT m
2/s turbulent kinematic viscosity
ρ kg/m3 solvent density
σε − k-ε turbulent constant
σk − turbulent constant
σ′k − SST -k-ω turbulent constant
σω − SST -k-ω turbulent constant
τw N/m
2 wall shear stress = µ(∂yU)|w
ω 1/s specific rate of turbulent dissipation
Table 3.8
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utilisant un code CFD sur plate-forme ouverte
Contribution au document:
Cet article contribue à la thèse en étudiant la dynamique d’un réacteur électrochimique
où la présence d’une phase gazeuse dans le liquide électrolyte affecte grandement le champ
d’écoulement
Résumé français:
Une étude du transport des espèces chimiques dans une cellule de production électrolytique
de lithium est effectuée en utilisant la librairie ouverte de calcul de mécanique des fluides
numérique OpenFOAM. Le domaine numérique est discrétisé en utilisant l’hypothèse de
symétrie axiale. Le coeur de la cellule modélisée est constitué d’une solution électrolytique
eutectique de chlorure de potassium et de chlorure de lithium. Les ions Li+ sont réduits
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à la cathode alors que les ions Cl− sont oxydés à l’anode en produisant du chlore gazeux.
Les bulles de chlore produites sont entraînée par la force d’Archimède vers la surface de
l’électrolyte, créant un mouvement de liquide par leur traînée. La convection naturelle ainsi
induite contribue au transport des ions en plus des mouvements déjà associés à la migration
et à la diffusion. Il en résulte un écoulement 2-phases turbulent augmentant le transport
des ions, changeant la chute de potentiel aux électrodes et causant une polarisation de
concentration. Le modèle mathématique développé traite le couplage prononcé entre les
champs en utilisant une première étape de prédiction-correction qui résoud la mécanique
des fluides, et d’une deuxième traitant du couplage électrochimique. Les conditions aux
limites mixtes et fortement non-linéaires complètent la pose du problème. Une validation
du modèle est présentée et les résultats des prédictions sont discutés.
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4.2 Mass transfer study inside a Li production elec-
trolysis cell using an open source CFD code
A mass transfer study in a lithium production electrolysis cell is carried out. The nu-
merical domain is a 2D axis-symmetric wedge of 5o. The bulk of the cell is filled with
an electrolytic solution consisting of an eutectic mixture of LiCl − KCl. Lithium ions
reduce at the cathode while Cl− oxidize at the anode releasing bubbles of chlorine gas,
which are moving upward due to their light density, thus dragging the nearby electrolyte.
The induced convection is responsible for the transport of ions, together with the mi-
gration and diffusion mechanisms. The result is a turbulent two-phase flow accounting
for the transport of ions, potential drop and polarization concentration. The highly non-
linear coupled mathematical model is solved using an OpenFOAM solver designed to use
predictor-corrector loops for both the fluid dynamics and the electrochemistry coupling.
Non-linear mixed boundary conditions complete the set of governing equations.
4.3 Introduction
The demand for lithium has grown considerably during the last decades. Its importance
has become unquestionable for the production of electronic devices and electric vehicles
industry, where its lightweight and strong reduction potential is exploited. Batteries have
been produced with a much higher volumetric and gravimetric energy densities - typically
of the order of 160Wh/kg and 400Wh/L [50] - meaning almost 50% over conventional
batteries. On the other side, lithium’s production presents some important technological
difficulties, for instance the electrodes’ corrosion, back reactions, high energy demand, or
the formation of unwanted foam [33], [11], [24], [3]. Therefore, in order to optimize its
production, modeling the behavior of a standard cell where lithium is produced by the
electrolysis of LiCl, is an essential tool. Figure 4.1a shows a simplified schematic of a
Li-production cell. In the present model, cylindrical symmetry is assumed and only the
concentrated electrolytic solution domain is taken into account with some contribution
from the gas bubbles released at the central electrode, see Figure 4.1b.
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(a) Physical domain (b) Numerical domain
Figure 4.1 Sketch of a standard cell (4.1a), and its numerical domain (4.1b) in
red
At the cathode, Li+ reduces to its metallic liquid phase (Eq.4.1) eventually extracted from
the cell as it floats on the electrolyte.
Li+ + e− 
 Liliq (4.1)
The oxidation of chloride takes place at the anode where bubbles are released (Eq.4.2).






A mathematical model of this electrolytic cell results in a strongly coupled set of par-
tial differential equations representing the complex interactions between these physical
phenomena. In the following, it is presented a solution to this strongly coupled mathe-
matical model using an open-source CFD tool (OpenFOAM) that enables to address some
of the simplifications that have been used in earlier works [44, 52]. The presence of the
secondary phase (chlorine bubbles) and its effect on the turbulence fields and the liquid
electrolytic flow circulation is taken into account as well as the effect of the tertiary current
distribution.
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Therefore OpenFOAM is used here to accomplish the objective of this paper: showing for
the first time the behavior of a Li electrolytic cell simulated with an OF model representing
a two-phase turbulent flow, mass transfer in concentrated solutions (molten salt) and
electrochemical surface reactions considering a tertiary current distribution.
4.4 Mathematical Modelling
The interaction among all phenomena just described is of utmost importance; however,
for the sake of clarity, the governing equations below are split into three main areas of
interest: fluid-dynamics, electrochemistry, and transport of ions.
4.4.1 Fluid-dynamics
The bulk solution mainly consists of a liquid LiCl−KCl electrolyte, and a small amount of
chlorine gas mostly located close to the anode. The cell dynamics obtained in a simulation
without modeling the Cl2,gas upward motion would be completely different, close to a
common batch reactor. Therefore, a two phase Euler-Euler model is employed under few
assumptions:
1a. No lift, and no virtual mass. The drag force is the only one considered. Previous
study demonstrated that the other interfacial forces are negligible [30].
1b. Constant sized and spherical shaped bubbles. The combination of the Reynolds,
Eotvos, and Morton numbers helps to identify the bubbles shape as spherical
through the graphical scheme regime for bubbles and drops [10].
1c. Fixed turbulent Schmidt number considered to be equal to 1 in this study.
The Euler-Euler model [58] treats the two phases as continua, with a unique common
pressure p [17]. It consists of one continuity equation, Eq. 4.3, a constraint equation on




+∇.(αiU i) = 0 (4.3)
∑
i
αi = 1 (4.4)
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+∇.(αiU iU i) = −αi
ρi
∇p−∇.(αiRi) + αig + M i
ρi
(4.5)
where the subscript i identifies the ith phase, U is the velocity, R the turbulent Reynolds
stresses, and M the interfacial momentum transfer term, here consisting only of the drag
force, Eq. 4.6. The latter accounts for the resistance felt by each gas-bubble moving inside








|U gas −U liq| (U gas −U liq) (4.6)
where dgas is the fixed bubble’s diameter, here set to 1.5 mm according to a similar
experimental study [30], and CD is the drag coefficient modeled as in Eq. 4.7 [59]:
CD =

24 (1+0.15Re 0.687rel )
Rerel
Rerel ≤ 1e3
0.44 Rerel > 1e
3
, Rerel =
|U gas −U liq| dgas
νliq
(4.7)
where νliq is the liquid kinematic viscosity. The presence of the bubbles and their movement
through the reactor promotes turbulence in the liquid phase, however due to their low
concentration, the gas turbulence as well as the bubble-bubble collisions can be neglected
[4]. Therefore the standard k − ε model is used only for the liquid phase. The balances














+ α Pk − α ε (4.8)
∂ (αε)
∂t













(Cε1 Pk − Cε2 ε) (4.9)
with Pk = 2 νeff
[∇U · dev(∇U + (∇U)T )] (4.10)
where the constants are Cε1 = 1.44, Cε2 = 1.92, σk = 1.0, σε = 1.3, νeff is the sum of
the laminar and turbulent viscosity, and Pk stands for the production of turbulent kinetic
energy [32, 47, 58, 71]. The closure of this first set of equations comes with the appropriate
boundary conditions shown in Table 4.1 and explained in the following bullet list:
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• Anode:
The volume fraction of the gas, αgas depends on the distribution of the normal
current density in as described in Eq. 4.11, [65].
αgas = 0.023 i
0.3
n (4.11)
It is directly related to the mass flow rate jn which induces U gas at the anode, Eq.
4.12, [2].




The pressure gradient is tuned according to the velocity to maintain a constant flux.
While the turbulent variables k, ε, and νT follow the well known algebraic relations
from literature [27, 28, 62], re-grouped in Table 4.1 where Ti is the turbulence
intensity, and lmix the turbulent mixing length.
• Cathode & Walls:
No-slip boundary conditions are imposed for the velocities, and the wall functions,
wf , handle the turbulence variables [60].
• Outlet:
Gas leaves the system at the outlet, no back-flow is allowed. Therefore a mixed
boundary condition switching from a zero gradient to a zero value, depending on
the direction of the flow (inletOutlet), is imposed for both αgas and U gas. The
liquid is confined inside the cell, it cannot leave but can glide along the outlet. A
slip condition, meaning null normal component and null tangential derivative, is
applied for U liq. By doing so, a degassing boundary condition is created, modeling
the free surface condition between the top of liquid and the atmosphere [38].
• Front & Back:
The standard cell is axis-symmetric, where the front and back do not represent
physical faces but just the end of the numerical domain. A wedge condition con-
taining this information is applied to all the variables for all sets of equation.
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& Walls & Back
αgas 0.023 i
0.3
n ∇αgas = 0 inletOutlet wedge
Un,gas jn/αgas no− slip inletOutlet wedge
U liq no− slip no− slip slip wedge
p ∇p = fx(U) ∇p = fx(U) fixedV alue wedge
k 1.5(Ti Uliq)
2 wf ∇k = 0 wedge
ε C0.75µ k
1.5/lmix wf ∇ε = 0 wedge
νT Cµk
2/ε wf ∇νT = 0 wedge
Table 4.1 Fluid-dynamics boundary conditions with the OpenFOAM -
nomenclature
4.4.2 Electric field and current distribution
The charges distribution between the electrodes is the result of the current conservation
law shown in Eq. 4.13. The first term represents the ohmic contribution, basically the
potential gradient times the electrolyte’s conductivity (later named Ke); while the second




















where T is the temperature of the ionic solution, z the charge number, C the ion’s con-
centration, E the electrolytic potential, and the subscript s identifies the sth species. Two
additional variables appear in Eq. 4.13: the molecular diffusion coefficient (Ds,mol) of the
sth species with respect to the total mixture modeled through Wilke’s correlation [72]; and





, Ds,eff = DT +Ds,mol (4.14)
where X is the molar fraction.
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The following assumptions apply:
2a. No adsorption. Adsorption is neglected at the electrodes.
2b. Equilibrium potential. At both electrodes the equilibrium potential is assumed to
be constant. No dependencies on ions’ concentrations nor on their activities is
accounted for.
2c. Turbulent diffusivity. Due to assumption 1c, the turbulence diffusion coefficient is
modeled as DT = νT .
Additionally, the set of equations obeys the following boundary conditions, which are
summarized in Table 4.2.
• Anode:
The current applied at the anode, faces a high overpotential (η) where the kinetic
contribution of the heterogeneous reaction and the resistive layer of the freshly
released bubbles are added. Therefore the slow oxidation of chlorine is modeled
through Eq.4.15, where the Butler-Volmer equation in its Tafel form is presented
(slow reaction → high overpotential → Tafel approximation, [42])






where i0,a = 10 A/m2 is the exchange current density, αsym = 0.5 the symmetric
coefficient, while the term (1 − αgas) stands for the portion of surface available
for the electrochemical reaction due to the fact that the anode surface is partly
blocked by the bubbles. The in just calculated is then divided by the electrolyte’s
conductivity (Ke) and imposed to be equal to the normal gradient potential. The
electrolyte conductivity close to the anode is altered by the presence of bubbles
[30], where the resistive layer formed has a conductivity that can be estimated as
in Eq. 4.16, [1]:
Kgas = Ke (1− αgas)1.5 (4.16)
Results prove that neglecting the concentration polarization at the anode is a cor-
rect assumption. See Section 4.5.3.
• Cathode:
Contrary to the anodic reaction, the reduction of lithium is a fast reaction. The
current density is linked to the kinetic overpotential through Eq. 4.17, where the
Butler-Volmer equation is written in its linearized form (fast reaction→ small over-
potential → linear approximation [42]). The exchange current density is assumed
to be high, for instance i0,c = 1000 A/m2, while the surface potential Esurf , and
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the equilibrium potential E∞eq are set to zero, so that the whole cell potential is
imposed at the anode.




• Outlet & Walls:
A slip boundary condition on the current density is imposed, meaning null normal
component and null tangential derivative. It blocks the charges from escaping
the cell, but allows them to slide along the boundary, while the gradient of the













E ∇E = in/Ke Esurf − E∞eq − η ∇E = 0
Table 4.2 Electrochemical boundary conditions with the OpenFOAM -
nomenclature
4.4.3 Transport of ions
Inside this electrolytic cell, the movement of ions is driven by the electrolyte’s velocity
(convection), the concentration’s gradient (diffusion), and by the potential’s gradient (mi-
gration). While the convection induces the same motion to all the species, the diffusive
and the migrative mechanisms are dependent on the diffusion coefficients and the mobility
of each species. The transport equation, Eq. 4.18, is solved for Ntot − 1 species, being
Cl−, Li+, and K+.
∂Cs
∂t
+U liq · ∇Cs −Ds,eff ∇2Cs = zs F
RT
∇ · (Ds,molCs ∇E) (4.18)
The extra equation needed to balance the number of unknowns is the electroneutrality of
the solution, Eq. 4.19. It assures that there are no spurious charges floating around:∑
s
zsCs = 0 (4.19)
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The already complex system of equations, and its strong full coupling suggest to include
few additional assumptions without compromising the generality of the problem:
3a. Nernst-Planck. The Nernst-Planck conservation law is employed instead of the
Maxwell-Stefan diffusion and convection equation.
3b. No homogeneous reactions. There are no reactions in the bulk of the reactor, only
at the electrodes.
The boundary treatments is deployed below. In Table 4.3 the conditions are expressed
in terms of the fluxes Ns. The convective term is included for clarity, but it is null since
U liq = 0 at the wall. In the source code, Eq. 4.20 is manipulated, and a mixed boundary
condition is written in terms of concentrations. The latter is implemented with a blending
function weighting the Dirichlet condition (migration term) and the Neumann condition
(diffusive term).




The only active species at the anode is the chloride. Its normal flux is regulated
by Faraday’s law, where the normal current density described in Section 4.4.2 is
divided by the number of electrons involved in the reaction nq times the Faraday’s
constant. Lithium and potassium ions do not react, and their flux is null.
• Cathode:
A similar scenario occurs at the cathode, but chlorine and lithium ions switch
their role. The latter becomes the active species following the Faraday’s law, while
chlorine do not react. The same condition as the anode holds for K+.
• Outlet & Walls:
A zero flux condition should be imposed for all species but the migration term is
already set to zero thanks to the condition on the potential gradient in Table 4.2.
Therefore it is sufficient to impose a zero concentration gradient for all species.
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CCl− NCl− = in/(nox,ClF ) NCl− = 0 ∇CCl− = 0
CLi+ NLi+ = 0 NLi+ = in/(nred,LiF ) ∇CLi+ = 0
CK+ NK+ = 0 NK+ = 0 ∇CK+ = 0
Table 4.3 Concentration boundary conditions with the OpenFOAM -
nomenclature
4.4.4 Simulation
Built using the framework of OpenFOAM, the numerical model developed uses an object-
oriented approach, in which the classes’ structures are confined in specific regions of the
code where they are easier to manage. The main core of the solver is made of two predictor-
corrector loops, namely PIMPLE, and POTiso [29]. The PIMPLE algorithm takes care
of the fluid-dynamics of the problem [21], [22], [23], [45], [12], and its biggest advantage
is the increase of the time step without any restriction on the Courant number. Basically
an initial guessed pressure is employed to solve the momentum equation and to get an
estimation of the velocity. The latter is then used to update the pressure at the present time
step, which in turn corrects the velocity. The solver also uses a Multidimensional Universal
Limiter for Explicit Solution (MULES) method [46], to maintain boundedness of the phase
fractions. Similarly, the electrochemical solver uses a predictor-corrector loop (POTiso)
which starts with an initial guess on the potential, solves N − 1 transport equations. The
predicted species’ concentrations are then used to solve the charge continuity equation
and get the updated value for the potential field. Finally the ions’ transport equations
are solved again to correct their previous appraisals. The two loops are sequential since it
can be assumed that there is a one-way-coupling between the fluid mechanics (advection)
and the electrochemical phenomena [57].
All partial differential equations are solved using the Finite Volume Method. The first
derivatives in time are discretized with an Euler first order, bounded, implicit method.
The gradients are all discretized by means of the second order least squares method. The
divergence terms are treated with a Gaussian second order, but they are of different types:
a Gauss vanLeer is used in Eq. 4.3; a Gauss limitedLinearV 1 taking into account the
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direction of the field is used in Eqs. 4.5, 4.8, and 4.9, and finally a bounded upwind applies
in Eq. 4.18. The laplacian schemes are handled with a Gauss linear corrected method,
acting as an unbounded, second order, conservative method; and at last the interpolation
schemes are simply linear. Furthermore all the boundary conditions are implemented
through the utility groovyBC. For further details the reader is referred to the OpenFOAM
user guide.
Additional information include:
• the initial composition of the concentrated solution consists of 60% of LiCl and
40% of KCl (molar basis),
• the bulk solution is in an isotherm equilibrium at 723 K,
• a constant current of 65 A is imposed at the anode.
The numerical domain illustrated in Figure 4.1b has the dimensions of 76 x 3.3 x 200 mm3,
and it is divided in 4575 hexahedra cells, and 50 prisms, with a maximum skewness of





























Figure 4.2 2D axi-symmetric mesh
The maximum aspect ratio is 15, and it is located close to the corner of the L-shaped
anode, where 4 refinement layers are applied to catch the exact amount of gas entering
the system. Eight extra refinements are also added close to the Outlet, to make sure that
the free surface is adequately approximated. The Wall and the Cathode present a coarser
mesh so that the y+ > 11 criteria [60] is respected and wall functions can be applied for
the turbulent flow. The maximum mesh non-orthogonality is way below the critical value
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of 70, and its average is 6.9. The mesh just described is reported in Figure 4.2, and has
positively passed the mesh dependency test, proving that the solution is not affected by
the mesh chosen.
To solve the momentum equations for U , k, and ε a smooth solver is used, while the p
is evaluated with a generalized geometric-algebric multi grid solver. The conservation of
charges makes use of a diagonal incomplete Cholesky preconditioned conjugate gradient
solver. Finally the transport equations are solved through a diagonal incomplete LU
preconditioned bi-conjugate gradient solver [46].
4.5 Results and Discussions
The following section presents the results of this work divided in three main groups earlier
introduced in Section 4.4.
4.5.1 Fluid-dynamics
The first predictor corrector loop solves the fluid-dynamics of the problem and the associ-
ated turbulence. Figure 4.3a shows the magnitude of the electrolyte’s velocity field after
3600 s. The peak of 0.291 m/s is found close to the anode where the gas, released by
the oxidation of chloride, drags the electrolyte upward. Once the electrolyte reaches at
the outlet, it can not escape (as imposed by its slip condition), and it is pushed rightward
the cathode. Then it falls down and it is pulled back inside the bulk, where it splits in
two parts: a faster clockwise re-circulation on the upper side of the cell, and a slower
counterclockwise re-circulation at the bottom. On top of the colored magnitude velocity
map, Figure 4.3a shows also the electrolyte’s velocity vectors. The vectors are not scaled
with the velocity magnitude direction; the intent here is only to identify the direction of
the flow and the zones just described.
The same three zones can be identified in Figure 4.3b. The peak this time is located at
the upper end of the anode, where the flow changes sharply. The nucleus of the clockwise
circulation is shifted with respect to the center of the electrodes’ gap, because a portion
of the flow with lower kinetic energy is entrapped. Meanwhile the wall functions along
the cathode and the bottom wall integrate appropriately the kinematic viscosity from the
bulk through the viscous sub-layer.















Figure 4.3 Scaled off electrolyte’s velocity vectors on top of the 2D slice of the
electrolyte’s magnitude velocity map (4.3a). Kinematic viscosity map and its
contours (4.3b)
The induced gas velocity field map is not shown here since the Cl2,gas remains confined to
a thin layer close to the anode and escapes once it reaches the top of the cell. Very little
gas can be seen at the free surface interface, but it does not affect the flow afterwards. On
the other hand, the bubble coverage along the anode is much more of interest. Since the
authors are not aware of available experimental measurements published on this type of
cell configuration for lithium production, a magnesium cell with a similar behavior is used
for the validation of the model. This cell has a slightly different configuration with two
vertical parallel anodes, a cathode placed in between and an electrolytic solution with a
fixed flow rate injected from the bottom [30]. After matching the initial conditions of the
experimental data [30], the calculated gas distribution is plotted on top of the PIV data
image in Figure 4.4 with the permission of the Canadian Journal of Chemical Engineering.
The blue line identifies the gas volume fraction (namely αgas ) obtained in this work. After
the initial small oscillation at the bottom entrance of the left anode, the curve follows the
same behavior of the bubbles in the background of the image, showing that the present
model appears to reproduce adequately the bubble’s movement. The red horizontal lines
help to measure the growth of the bubble layer, being null at the entrance of the electrode,
10 mm in the middle, and increasing up to 20 mm close to the free surface.
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Figure 4.4 PIV data imaging of a magnesium cell [30] and αgas evolution along
the anode obtained in this work
4.5.2 Electrochemistry
The second calculation loop solves the electrochemical part, whose results are described
below. Figure 4.5a shows the magnitude of the current density vectors along the anode.
The peak of 1.5e4 A/m2 at the lower anodic corner decreases gradually toward the two
other extremities of the electrode. The importance of this result is crucial since it is re-
sponsible for the gas velocity distribution, which in turns induces the electrolyte motion,
which in turns affects the convective mechanism of the transported ions, and as a con-
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sequence the electric potential field. In Figure 4.5b the anodic current density resulting
from this study is compared with the anodic current density of published work of Oliaii
[44]. The ordinate measures the length of the whole anode, where the zero corresponds to
the left extremity of the horizontal part and the value of 0.115 m to the last point at the
top of the vertical anode. The peak is located at the corner between these two parts. The
solid blue line is the result of this work, and the red dashed line is extracted from [44],
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(b) Current density distribution
Figure 4.5 Magnitude of the current density’s vectors (4.5a), and its distribu-
tion’s profile along the anode (4.5b) compared with a previously validated model
[44]
Analogously the electric potential field is reported in Figure 4.6a. The maximum values
are found at the bottom of the anode, where the bubble coverage is less as shown in
Figure 4.4. Away from the anode, the electric potential decreases all the way down to the
cathode, where only the kinetic overpotential is present. A more detailed description of
the anodic scenario is plotted in Figure 4.6b. The ordinates indicate the anodic length as
explained for Figure 4.5b, and the abscissa the intensity of the potentials expressed in [V ].
The solid lines are the results of this study, while the dashed lines reproduce the results
of [44]. The black lines show the trend of the electrolytic potential. Apart from a small
portion of the electrode, its value decreases from the bottom of the vertical anode up to
the top. The same occurs to the kinetic overpotential with the only difference being the
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concavity of the curve. An opposite behavior is noted on the distribution of the resistive
overpotential induced by the gas film. Its lowest value is registered at the horizontal
anode and it increases (almost linearly) all the way up to the outlet of the cell, where the
resistive layer created by the bubble reduces the conductivity of the nearby electrolyte, as
explained in Eq. 4.16. All the three potentials present a peak at around 0.012 m, which
















































(b) Anodic potential distributions
Figure 4.6 Electric potential field (4.6a), and anodic distributions of the elec-
trolytic, kinetic, and resistive overpotential (4.6b) compared with previously
validated work in dashed lines [44]
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4.5.3 Transport of ions
The last part of this section presents the motion of ions across the cell. The three species
Cl−, Li+, and K+ are driven by convection, diffusion and migration. Figure 4.7, 4.8,
and 4.9, show the electrodes’ behavior of the migration (in blue) and the diffusion fluxes
(in magenta) of chlorine, lithium, and potassium respectively. The contribution of the
convection at the electrodes is zero since a non slip condition is imposed for the electrolyte’s
velocity.
Figure 4.7a plots the perpendicular components of both the migration and the diffusion
fluxes of Cl−. The horizontal part of the anode is not presented for the sake of clarity,
but it follows the same trend as the vertical part.
The arrows at the left electrode are scaled with the magnitude intensity of the vectors
themselves; but a magnifying factor is applied on vectors at the right electrode to better
check the direction of the fluxes until the bottom of the cell where their intensity is smaller.
At the positive electrode both fluxes are exiting the domain. Figure 4.7b shows the mono-
tonic trends of the anodic fluxes decreasing in an absolute value from 8e−5 kg-mol/(m2s)
at the anode’s corner, to approximately 3e−5 kg-mol/(m2s) close to the outlet. It is impor-
tant to point out that along the anode the two fluxes are not the same. Their sum is the
result of the chloride’s heterogeneous reaction and it is proportional to ∼ in/(nCl− F ) as
described in Table 4.3. On the other hand at the cathode, chloride is a non-active species,
and its total flux impacting the electrode has to be zero. Figure 4.7c proves that the
contribution of the diffusion flux cancels out the migration component in each segment of
the cathode. Additionally both cathodic curves change their curvature at approximately
0.08 m from the bottom of the cell. This is the location where the electrolytic flow splits
into two counter rotating zones, affecting the turbulent diffusion and the effective diffu-
sivity through assumption 2c., and Eq. 4.14 respectively. It is also possible to notice that
the fluxes on this side of the reactor present normal components one order of magnitude
smaller than those at the anode as previously mentioned.
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(c) Cathodic fluxes distributions
Figure 4.7 Normal components at the electrodes of the migration (blue) and
diffusion fluxes (magenta) of Cl− (4.7a). Distributions of the same fluxes along
the vertical anode (4.7b), and cathode (4.7c)
The same analysis is performed on lithium, and Figure 4.8a presents the normal vector
components of its diffusive and migrative fluxes at the electrodes. The first main difference
with respect to Figure 4.7a, is the opposite direction of the migrative arrows, due to their
charge number zLi+ = −zCl− . Lithium ions are attracted to the positive electrode, and
tend to escape the negative cathode. Despite the magnifying factor used for vectors at the
negative electrode, the migrative contribution is still weak, especially at the bottom of the
reactor. The anode represents the non-active surface for lithium, in fact the two fluxes
have opposite directions and cancel each other. Figure 4.8b plots the normal diffusion and
migration fluxes along the vertical anode, with the diffusive mechanism being predominant
as it can be noticed on the right scale of Figure 4.8c. The sum between the two fluxes is the
results of the heterogeneous reaction occurring at the cathode (see Table 4.3). Nevertheless
the shapes of the two curves are similar and their inflection point is again located around
0.8 m from the bottom of the cell.
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(c) Cathodic fluxes distributions
Figure 4.8 Normal components at the electrodes of the migration (blue) and
diffusion fluxes (magenta) of Li+ (4.8a). Distributions of the same fluxes along
the vertical anode (4.8b), and cathode (4.8c)
The study is completed by presenting the results of the mass transport of the third species,
K+. Figure 4.9a reports that the migration fluxes of K+ are aligned with those of Li+ due
to their equal charge numbers. Potassium is the only considered species which is non-active
at both the electrodes. Indeed it presents the same fluxes’ behavior of Lithium at the
anode and of Chloride at the cathode. Nevertheless their scales are not the same due to
the different diffusion coefficients and concentration’s gradients of the species. Therefore,
the same considerations elaborated before for Figures 4.7c and 4.8b are valid for Figures
4.9c and 4.9b.
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(c) Cathodic fluxes distributions
Figure 4.9 Normal components at the electrodes of the migration (blue) and
diffusion fluxes (magenta) of K+ (4.9a). Distributions of the same fluxes along
the vertical anode (4.9b), and cathode (4.9c)
4.6 Conclusions
A mathematical model for an electrochemical cell is developed and solve numerically us-
ing the open-source CFD package OpenFOAM -2.3.1 to investigate the performances of a
standard cell for the production of lithium in molten salts. Two predictor-corrector loops
in series were used to first solve the fluid-dynamics equations and then the electrochemical
equations. The electrochemical cell model takes into account the presence of the bubbles
of chlorine released by the reaction at the anode and their effect on the flow of the liquid
electrolyte. The upward movement of the gas due to their low density induces a natural
convection on the electrolyte otherwise motionless. The flow becomes turbulent and a
standard k − ε model is applied for the liquid phase. The steady state of the electrolytic
flow presents three main zones: a fast zone close to the anode moving upward, a clockwise
re-circulation on the upper side of the cell, and a counterclockwise re-circulation at the
bottom. The electrochemical part solves the conservation of charges accounting for ohmic
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drop, concentration polarization, and also electrochemical kinetics. The distribution of
current density along the anode shows a peak at the bottom corner of the anode. The
same peak occurs on the electrolytic potential, the kinetic and the resistive overpotential.
The latter reflects the presence of the film where the bubbles are mostly concentrated, re-
ducing the overall conductivity of the electrolyte. The electrochemical aspect is validated
by comparing the results of the present model to previously published studies [44]. The
last part of this work focuses on the transport of ions and the results are presented in terms
of fluxes. Results show that the normal migration flux cancels out the normal diffusion
flux in presence of non-active species. In case of active species the two contributions are
summing up. Indeed the total chloride flux at the anode is proportional to ∼ in/(nCl− F ),
while the total lithium fluxes at the cathode to ∼ in/(nLi+ F ). In spite of this, the shape
of all anodic fluxes report a similar trend to the current density, recalling the strong effect
of the gaseous bubbles released by the oxidation of chloride. Analogously, the shape of all
cathodic fluxes recalls the influence of the electrolytic flow with an inflection point located
at ∼ 0.8 m from the bottom of the cell, where the flow splits into two counter rotating
zones.
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CD − drag coefficient
Cε,1 − empirical turbulent constant
Cε,2 − empirical turbulent constant
Cl− − chlorine ions
Cl2,gas − chlorine gas
Cµ − empirical turbulent constant
Co − Courant number
Cs kg-mol/m3 concentration of the sth species
Ds,eff m
2/s effective diffusion coefficient of the sth species
Ds,mol m
2/s molecular diffusion coefficient of the sth species
DT m
2/s turbulent diffusion coefficient
dgas m bubble’s diameter
E V electric potential
Esurf V surface potential
E∞eq V equilibrium potential
F A s/kg-mol Faraday’s constant
FD kg/(m
2 s2) drag force
fx(·) − function of (·)
g m/s2 gravity vector
i0,a A/m





2 cathodic exchange current density
in A/m
2 normal current density
jn m/s specific normal mass flow rate
K+ − potassium ions
Ke S/m electrolyte conductivity
Kgas S/m gas conductivity
k m2/s2 turbulent kinetic energy
Li+ − lithium ions
Liliq − liquid lithium
ltls m turbulent length scale
M i m/s
2 interfacial momentum transfer of the ith phase
Mgas kg/(kg-mol) molar mass of the gas phase
Ns kg-mol/(m2 s) flux of the sth species
Ntot − total number of species in the solution
nq − number of electrons involved in the qth reaction
PIV − Particle Image Velocimeter
Pprod m
2/s3 turbulent kinetic energy production
p Pa pressure
R J/(kg-mol K) universal gas constant
Ri m
2/s2 turbulent Reynold stresses of the ith phase
Rerel − relative Reynolds number
T K temperature
Ti − turbulent intensity
Table 4.5
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U gas m/s velocity vector of the gas phase
U i m/s velocity vector of the ith phase
U liq m/s velocity vector of the liquid phase
Un,gas m/s normal velocity component of the gas phase
uτ m/s friction velocity,
√
τw/ρ
wf − wall functions
Ys − mole fraction of the sth species
y m wall distance
zs − charge number of the s-th species
Greek symbol Units Description
αgas − volume fraction of the gas phase
αi − volume fraction of the ith phase
αliq − volume fraction of the liquid phase
αsym − symmetry coefficient
δ+ − non dimensional wall distance =δ uτ/ν
η V overpotential
νeff m
2/s effective kinematic viscosity
νliq m
2/s averaged liquid kinematic viscosity
νT m
2/s turbulent kinematic viscosity
ε m2/s3 turbulent dissipation rate
ρgas kg/m
3 density of the gas phase
ρi kg/m
3 density of the ith phase
σk − empirical turbulent constant
σε − empirical turbulent constant
τw N/m




5.1 Conclusions - Français
Unmodèle mathématique a été implémenté avec succès en utilisant la librairieOpenFOAM-
2.3.1, afin de nous permettre d’étudier avec beaucoup de liberté une grande gamme de
systèmes électrochimiques et d’éviter d’avoir à effectuer des simplifications trop sévères.
La modélisation numérique suit une architecture arborescente avec l’intention de rendre
chaque branche facilement accessible. Le modèle mathématique est résolu en utilisant
deux boucles consécutives prédicteur-correcteur qui résolvent en premier les équations de
Navier-Stokes par l’algorithme PISO et en deuxième les équations associées au potentiel
électrique (donc la densité de courant électrique) et le transport des ions par la convection,
la migration et la diffusion. Le modèle a été initialement appliqué à une cellule rectan-
gulaire de plaquage électrolytique du cuivre. Ce choix a été fait pour la simplicité, ce
qui a permis de valider le squelette du modèle et en particulier de développer la méthode
de solution associée aux conditions aux limites fortement couplées et non-linéaires que
représentent les équations de Butler-Volmer. Le profil de densité de courant à l’électrode
de travail a été correctement obtenu et présente un accord avec les résultats expérimen-
taux tirés de la littérature à l’intérieur d’une fourchette de 20%. Puisque les mesures
expérimentales près des électrodes sont très difficiles, cet accord est satisfaisant. De plus,
la solution numérique présente moins de 3% d’erreur par rapport à la solution analytique
connue. On a inclus dans le modèle la modification des électrodes par la déposition et
la corrosion en utilisant une approche de géométrie dynamique. Cet outil est important
dans l’optique ou le modèle pourrait être utilisé afin de prédire la durée des électrodes et
leurs cycles de remplacement, en plus de leur efficacité.
Après cette première étape de validation, un système géométriquement plus réaliste a
été simulé en utilisant la géométrie de cellule FM01-LC, une copie de laboratoire de la
géométrie industrielle répandue FM21. La présence de la zone de distribution d’entrée
et de sortie de ces cellules est d’intérêt car elle montre la présence de 5 canaux différents
ayant des vitesses et des débits différents. La présence des jets créés par ces canaux cause
de la turbulence locale, ce qui rend la modélisation de la turbulence nécessaire.
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Les résultats du modèle ont démontré la présence d’un écoulement préférentiel à la position
de l’entrée la plus courte, court-circuitant en quelque sorte l’écoulement vers la sortie. On
a trouvé que cet effet diminuait naturellement avec le nombre de Reynolds, en réduisant
cependant la productivité de la cellule. Une meilleure uniformité de la déposition du cuivre
a été obtenue en utilisant une cellule à∇Ecell plus élevé, de sorte que la migration domine le
transport des ions par rapport à la convection. Cependant les coûts d’opération associés
à cette modification pourraient être un aspect qui limite son applicabilité, surtout en
considérant l’utilisation de plusieurs réacteurs en série dans une configuration industrielle
normale.
Afin d’appliquer le modèle à une cellule de production de lithium liquide dans des sels fon-
dus, on a ajouté au modèle la possibilité d’écoulements multiphases gaz-liquide. L’oxydation
du chlorure à l’anode produit en effet le dégagement de bulles de chlore qui ont un effet
important sur le comportement fluido-dynamique et par conséquent réactif de la cellule.
Les bulles dégagées à l’anode montent vers la surface et entraînent un mouvement de
convection naturelle dans la cellule au sein de laquelle le fluide serait sans mouvement
autrement. Le mouvement des bulles entraîne le liquide dans un mouvement qui devient
turbulent. Pour simplifier l’analyse, la turbulence dans la phase gazeuse est négligée, ce
qui est sans doute une approximation très raisonnable considérant la faible fraction volu-
mique occupée par celle-ci. Afin de valider le modèle, la fraction de la surface de l’anode
couverte par les bulles a été comparée à des résultats obtenus dans la littérature pour une
cellule de magnésium et la comparaison qualitative est apparue adéquate. Étant donné le
manque de mesures expérimentales disponibles dans la littérature scientifique disponible,
le modèle a été validé partiellement en le comparant avec les résultats obtenus par un
modèle mathématique ayant été publié récemment. La densité de courant, ainsi que le po-
tentiel électrique et le surtension ont été comparés favorablement avec un cas de référence.
Enfin, les résultats du transport des ions ont montré que la migration annulait la diffusion
ordinaire en présence d’espèces non réactives, alors que dans le cas d’espèces réactives les
deux contributions s’additionnent. De plus, la forme de tous les flux anodiques montre
une forme similaire à celle de la densité de courant, soulignant ainsi le puissant effet de la
présence des bulles dégagées à l’anode. De façon analogue, la forme des flux cathodiques
montrait aussi l’influence de l’écoulement électrolytique avec un point d’inflexion corre-
spondant à la position à laquelle l’écoulement se sépare en deux recirculations opposées.
En conclusion, le but de ce travail était de développer un modèle mathématique perme-
ttant de prédire les performances d’un procédé industriel électrolytique et d’exploiter la
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modélisation mathématique avancée afin de permettre éventuellement de l’utiliser pour
valider des nouveaux concepts de réacteurs électrochimiques.
5.2 Conclusions - English
A numerical model has been successfully implemented in OpenFOAM-2.3.1 to freely in-
vestigate the performances of a wider range of electrochemical systems avoiding strong
limiting simplifications. The modeling followed a tree architecture with the intent to
maintain each branch easily accessible. The highly coupled system of equations is solved
by means of two predictor-corrector loops. The first handles the fluid-dynamics, solving
pressure and velocity through the PISO algorithm. The second deals with the electric
potential, hence current density, and the transport of ions by means of convection, diffu-
sion and migration. The initial model was applied to a rectangular cell performing copper
electroplating. The cell was selected for its simplicity to validate the skeleton of the model
and the non-linear Butler-Volmer boundary condition. The current density profile at the
working electrode was correctly reproduced and met the experimental results within a 20%
range. Knowing the difficulties in measuring the current density close to the electrode,
the results were considered satisfactory, especially because supported by a 3% error band
with the analytic solution. Geometry transformation of the reactor due to material depo-
sition and corrosion are accounted with a moving mesh. This tool becomes important to
estimate the replacement time of the electrodes, the system life-time, and its efficiency.
Once the basic solver was proven right, a similar system of equation was applied to a
more complicated geometry. The laboratory scale FM01-LC cell was chosen because
of its entrance and exit manifolds. They provide the reactive channel with a plug flow
having five different entrance velocities. Their presence caused the dilute electrolytic
solution to be in a turbulent regime, forcing the implementation of a turbulent model.
By doing so, the new flow patterns presented a favorite path in correspondence of the
shortest entrance jet, causing a counter sinking effect at the exit. Fluid-dynamics results
indicated that at low Re these effects are obviously attenuated at the expenses of a lower
production rate. A more uniform molar fraction of copper was achieved by using a high
∇Ecell, so that the migration mechanism dominated the transport of ions with respect
to the convection phenomena. The drawbacks counts higher operative costs, specially
considering the industrial scale and the packing of multiple reactors in series.
An additional level of complexity was brought to the solver when it was applied to a
cylindrical standard cell for the production of lithium in molten salt. The structure of
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the solver was maintained, but the anodic oxidation of chloride releasing gas, imposed the
modeling of a two-phase electrolytic flow. The bubbles freed at the anode, due to their
low density tended to move upward, dragging with them the nearby liquid flow otherwise
motionless. The electrolyte started to get eddy-populated and a turbulent model was
required to model the concentrated solution. No turbulence was considered for the gas
phase, due to its low volume fraction. To validate the model the bubbles coverage at
the anode was overlapped to a PIV image of a magnesium cell with a similar behavior,
and the comparison was found adequate. Due to the lack of measurements data, the
electrochemical aspect was proven right by a previously validate and published model.
Current density, alongside with the liquid electric potential, the kinetic overpotential, and
the overpotential of the bubbly resistive layer matched with the reference test case. Last
but not least, results on the transport of ions, showed that the normal migration flux
canceled out the normal diffusion flux in presence of non-active species, while in case
of active species the two contributions were summing up. Additionally the shape of all
anodic fluxes reported a trend similar to the current density, recalling the strong effect of
the gaseous bubbles released by the oxidation of chloride. Analogously, the shape of all
cathodic fluxes recalled the influence of the electrolytic flow with an inflection point in
correspondence of a location where the flow splits into two counter rotating zones.
To conclude, the aim of this work to create an open source platform to predict and analyze
industrial reactor’s performances is achieved. The advanced modeling is exploited and
ready to be used as a validation instrument for new electrochemical concepts.
5.2.1 Future perspective
Thanks to the structure of the solver POTiso, future developments will be easier to in-
tegrate to the already validated model. Indeed, the solver could be further expanded by
adding a population balance modeling. The use of non constant bubble diameters will
help describing the evolution of a population of particles, through a set of integro-partial
differential equations, where particulate systems will be characterized by the birth and
death of particle. This can eventually rise issues that will have to be investigated such
as the contribution of other interfacial forces not negligible anymore, i.e. the force due to
virtual mass and the lift. As a consequence the turbulence will probably become impor-
tant for both the two phases, requiring a turbulence modeling also for the gas phase, and
few extra coupling terms depending on the turbulence models selected. At this point it
will be wise to use a better approximation for the turbulent Schmidt number, for instance
the Kays Crawford modeling, and it will become crucial to get the right concentration’s
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distribution in the near electrode regions, by implementing a set of wall functions. For
the latter ones, a Launder-Spalding distribution adapted to mass transfer could be an
appropriate choice. Furthermore, in order to have an even current density distribution
along the active plates, couple of turbulent promoters could be added in the bulk of new
cells’ design concepts. Preliminary studies on this subject made by the author determined
that multiple cross sections of fractal grids may represent a good solution. In conclusion,
thanks to the accessibility of the open source code, and its flexible structure, this solver
can be modified according to the research needs. It can be used as a tool to predict and
vallidate the performance of an electrochemical reactor since the lack of data represents a
strong obstacle for this research.
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ANNEX A























More in details, the structure of the solver reveals the strong coupling among the blocks.
∇2E = 0
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